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ABSTRACT 


The keystone for understanding the catalytic and regulatory 
properties of many enzymes has been the recognition of their 
oligomeric status. Succinyl-CoA synthetase is known to be an 
oligomeric enzyme with a heterologous subunit structure; the 
enzyme from £. coli and other Gram-negative bacteria has a 
tetrameric a2,8, structure in vitro while Gram-positive 
bacteria and diverse eukaryotic organims produce a dimer of 
the af type. E. coli and pig heart succinyl-CoA synthetase 
are studied in this thesis in an attempt to rationalize 
their complex subunit structures. 

Affinity chromatography and modification studies on the 
E. coli enzyme were consistent with the previously conceived 
idea that the active site of the enzyme is assembled at the 
contact. points, off) thesa»twory subunit types.:,The, CoA \ and 
Succinate binding sites appear to be located on the 8 
Subunit while the a subunit binds ATP and initiates 
phosphoryl transfer. 

The negative cooperativity of phosphorylation exhibited 
by E. coli  succinyl-CoA synthetase together with its 
ATP-dependent oxygen exchange pattern have been interpreted 
as reflecting the operation of catalytic cooperativity 
between active sites. The oxygen exchange kinetics of hybrid 
E. coli enzyme preparations were examined in an attempt to 


validate this hypothesis. These experiments were complicated 
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by the finding that the amount of oxygen exchange catalyzed 
by succinyl-CoA synthetase is a Cuneta on Of the 
concentration of enzyme used in the assay. 

When this effect was investigated further for both the 
pig heart and E. coli enzymes it became apparent that the 
oxygen exchange kinetics could be adequately explained by a 
model not involving catalytic cooperativity but proposing a 
dimer-tetramer equilibrium for succinyl-CoA synthetase. An 
analysis of the =7partition pee tear of the exchange 
reaction under different conditions was consistent with this 
hypothesis. Initial rate kinetics and physical studies 
(using the techniques of gel chromatography, sedimentation 
velocity and sedimentation equilibrium) provided convincing 
evidence in support of the model. Although these studies 
could not eliminate the possibility of site-site 
interactions within the intact tetramer, the observed 
increase in specific activity upon dissociation of the 
enzyme to a dimer raises questions about the advantage 
Nature would gain from these subunit interactions. 

A comparison of the amino acid compositions of pig 
heart and £. col]i succinyl-CoA synthetase revealed that the 
a subunits have very similar compositions except for an 
additional group of charged amino acid residues in the 
larger pig heart subunit. It was suggested that this dif- 
ference may relate to the dissimilar oligomeric structures 
of the two enzymes. The physiological significance of the 


proposed dimer-tetramer equilibrium was discussed. 
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I. INTRODUCTION 
Succinyl-CoA synthetase plays an important role in inter- 
mediary metabolism by participating in the citric acid 
cycle. The reaction that it catalyzes is reversible and 
relatively complex, with three substrates and three 
products: 

(1)ATP + succinate + CoA==== ADP + Pi + succinyl-CoaA 
In the reverse direction (as written in Eq. 1) the reaction 
represents the 'substrate-level' phosphorylation step of the 
tricarboxylic acid cycle. The forward reaction may be viewed 
as the nucleoside triphosphate dependent synthesis of 
Succinyl-CoA and can be vital to microorganisms that require 
Succinyl-CoA for biosynthetic purposes (1). Over the years, 
the two most popular sources of succinyl-CoA synthetase have 
been Escherichia coli and pig heart. 

Interest in succinyl-CoA synthetase has been stimulated 
by an array of intriguing kinetic and structural features. 
The intricacies of its catalytic route are illustrated by 
the fact that a number of catalytic intermediates have been 
postulated, including an enzymic phosphohistidyl residue. 
More significantly for this dissertation, Succinyl-CoA 
Synthetase has been found to possess an interesting and 
relatively complex subunit structure. The enzyme from E. 
coli is believed to be a tetramer of the a,8, type while, in 
contrast, the enzyme from pig heart is considered an af 
dimer. Attempts to rationalize these subunit structures form 


the basis of this thesis. Before further discussing the case 
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of succinyl-CoA synthetase, however, I wish to examine some 
ideas that have been proposed about the rationalization of 
the oligomeric structure of enzymes in general. (For a 


review on succinyl-CoA synthetase see Ref. 2). 


A. Why do enzymes have subunits? 
"Nothing in biology makes sense except in the light of 
evolution."' 

Although a large part of early work on proteins con- 
cerned monomeric enzymes, the existence of many oligomeric 
enzymes is now well documented (3). These enzymes may have 
erehermehomologous subunit @structunes )Gise cathe ssubunatssare 
identical in primary sequence) or heterologous subunit 
Structures (i.e. the component polypeptides are different). 
In view of the theory of evolution, these quarternary struc- 
tures should have some general benefit in the design of 
proteins. Following is an examination of a number of dif- 
ferent reasons that have been suggested for the existence of 
Subunits. 

One plausible rationale is that each subunit in an 
enzyme that contains different subunits may catalyse a 
Doution! Of mthe, <overalle reaction) ysghorn example, PEs ‘Cols 
tryptophan synthase contains separate a and 8, subunits that 


catalyze the cleavage of indole glycerol phosphate and the 


‘Theodosius Dobzhansky, (1973) American Biology Teacher 35, 
pailZ25e 
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condensation of indole with serine, respectively. It is not 
clear whether this enzyme can be regarded as having one 
active site at the subunit contact region (both catalytic 
activities being juxtaposed) or whether it has two separate 
active sites with the indole intermediate being channeled 
between the two regions (4). However, in the case of 
Bacillus stearothermophilus phosphofructokinase it appears 
that the active site is actually created through subunit 
interaction with the binding sites for substrates and allo- 
Steric effectors being located at the interface between the 
homologous subunits (5). Evidence will be reviewed later 
demonstrating that an isolated subunit of succinyl-CoA 
Synthetase can catalyse a partial reaction and that the 
active site is at the subunit contact region. 

It has also been proposed that the association of sub- 
units in a multimeric enzyme may result in a more effec- 
tively folded conformation than that found in the corres- 
ponding monomer. In some cases this conformational change 
results in amore stable structure. For example, the mono- 
meric form of aldolase (whether observed aS an immobilized 
subunit on atGmatrix, sas Gale transients Ssubunie-sduring 
refolding, or as a subunit stabilized through chemical modi- 
fication) is more sensitive to inactivation by urea than the 
intact enzyme (6). The stabilized conformation resulting 
from subunit association may be reflected in an increased 
susceptibility of the isolated subunits to proteolysis. This 


was found to be the case with tryptophan synthase (7). 
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Another related phenomenon is demonstrated by this same 
enzyme. That is, a partial reaction catalyzed by one subunit 
may be stimulated in the presence of its partner (4). The 
formation of the complex thus appears to make the subunit a 
more efficient catalyst. It will be shown that succinyl-CoA 
synthetase also exhibits this property. 

One of the more interesting aspects of the importance 
of subunits pertains to regulatory properties. The finding 
that there may be no steric resemblance between an inhibitor 
and the substrate of a regulatory enzyme led Monod et al]. 
(8) to suggest that these enzymes must possess a site 
distinct from the active site. They labeled such sites 
"allosteric' (allo=other). This concept leads to a crucial 
question: Does the . subunit that binds the regulatory 
effector have to be distinct from the catalytic subunit? 
Aspartate transcarbamylase has been found to have two types 
of polypeptide chains, catalytic (c) and regulatory (r) (for 
review see (9)). In this case it appears that a separate 
Subunit is needed to furnish the catalytic subunit with 
regulatory properties. Although historically this enzyme has 
served aS a prototype for characterization of allosteric 
phenomena, because aSpartate transcarbamylase is a hetero- 
meric enzyme it differs from nearly all other regulatory 
enzymes. Glycogen phosphorylase (10) and phosphofructokinase 
(11) are just two examples of regulatory enzymes with homo- 
logous subunit structures. In these enzymes the allosteric 


effectors and the substrates bind to distal regions on the 
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Same polypeptide chain. It would seem plausible that their 
activities could be modulated through interactions with the 
allosteric site in the monomer. The question may now be 
asked: Can strictly monomeric enzymes be allosteric? The 
idea that regulatory enzymes must possess more than one sub- 
unit has been firmly entrenched in enzymologists' minds. 
This dogma originated with the concerted transition theory 
put forward by Monod et a]. (12). However, at least two 
allosteric enzymes have now been shown to be monomeric jn 
vitro. These are the ribonucleoside triphosphate reductase 
of Lactobacillus leichmannii (13) and homoserine trans- 
acetylase from Bacillus polymyxa (14). It appears then that 
there is no compelling reason to believe that allosteric 
enzymes must always be polymeric. 

The occurrence of a monomeric allosteric enzyme must 
however, be considered unusual, because such a protein lacks 
the physiological advantages of cooperativity. Homotropic 
cooperativity refers to the phenomenon in multisubunit 
proteins in which the binding affinity of a ligand changes 
as a function of ligand saturation. Because cooperativity 
has been found to arise from the interactions between sub- 
units of oligomeric enzymes, a monomeric protein cannot 
exhibit cooperative effects (unless multiple binding sites 
are contained in a single polypeptide - e.g. the calcium 
binding sites in parvalbumin). The binding affinity may 
either increase (positive cooperativity) or decrease 


(negative cooperativity) as the binding sites are filled. 
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What advantage does cooperativity lend to multisubunit 
enzymes7#iteappearsguthat cooperativity. is-ea device: ‘for 
enhancing .or dampening responses. Positive cooperativity 
provides increased sensitivity to the fluctuation of a 
ligand since the sigmoidal initial velocity plot rises more 
steeply than the non-cooperative hyperbolic curve. This 
would enable strategic control enzymes to respond to minor 
fluctuations in a highly controlled substrate, asec qi, - ATP: 
Negative cooperativity desensitizes an enzyme toward fluc- 
tuations in a ligand's concentration since the initial 
velocity plot is less steep than a Michaelis-Menten curve. 
Enzymes that should never be completely turned off could 
Maintain a relatively constant activity in the midst of 
physiological changes. For regulatory proteins, allosteric 
effectors could in principle accelerate or decelerate an 
enzyme that exhibits no cooperativity. However, because of 
the subunit nature of the protein, cooperativity allows 
these same ligands to induce a more or a less _ pronounced 
effect than would be observed with independent sites. There- 
fore, this would appear to be the reason why virtually all 
regulatory proteins are found to have oligomeric structures. 
In the case of cooperative non-allosteric enzymes, their 
subunit structures would allow their activities to have 
increased or decreased sensitivity to environmental changes 
through homotropic site-site interactions alone. The diffi- 
CultyathataMonodmeh af.) ..(C)m hadeeing) justityang® theyphigh 


incidence of oligomeric structures in nonregulatory enzymes 
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may be explained by the advantages of cooperativity. 
Recently it has become apparent that negative coopera- 
EIVitye cane -soccur sins Many extremes “form, "1.6%, Vhalf-site 
reactivity (15). It has been found that a large number of 
oligomeric enzymes react with a ligand or a covalent modi- 
Fier at only half of their potential reactive sites. A few 
of the better documented examples of enzymes exhibiting this 
property are glyceraldehyde-3-phosphate dehydrogenase (16), 
alkaline phosphatase (17) and interestingly enough succinyl- 
CoA synthetase (18). Such a phenomenon poses the inevitable 
question: What advantage is gained from this extreme form of 
negative cooperativity? The net result of 'half-of-the-sites 
catalysis' iS unimpressive from a kinetic point of view. 
When compared to the monomeric state, it amounts to 
improving the affinity for a substrate by a factor of two 
(because the dimer has two chances to combine with the sub- 
Strate) while reducing the maximum velocity by the same 
factor (because half of the catalytic sites are shut down). 
A more subtle rationale for this extreme case of negative 
cooperativity has recently been developed. The general term 
that may be applied to the concept is ‘catalytic coopera- 
tivity'. Similar, but less general theories, have been 
enunciated by Harada and Wolfe (19) as the ‘reciprocating 
mechanism' and then later by Lazdunski (20) as the 'flip- 
flop mechanism'. The term ‘alternating site cooperativity’ 
has also been used (21). The essential feature of ‘catalytic 


eooperativity'= 1sethat, interactionror isubstrate atwone site 
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in a multisubunit enzyme accelerates catalytic events at the 
other site. It need not be implied that the subunits alter- 
nate between the two functional states. However, use of the 
other terms suggests an additional feature whereby the two 
identical sites participate in catalysis in sequence. Be 
that as it may, if these interactions increase flux through 
rate-limiting steps then the catalytic efficiency of the 
subunit will increase. An increase in catalytic efficiency 
of several fold would more than compensate for the fact that 
half of the protein sites may be unavailable for direct 
catalysis. Therefore, one of the most important roles of 
negative cooperativity could be the improvement of the cata- 
lytic efficiency of one subunit through conformational 
changes promoted by the ligand-binding energy of the other. 
Convincing evidence for catalytic cooperativity has 
been difficult to obtain since, in the normal substrate con- 
centration range, Michaelis-Menten kinetics prevail. 
However, since binding of substrate to one subunit modulates 
intermediate reaction steps on an alternate subunit, certain 
intermediate reactions should be dependent on _ substrate 
concentration. This,.effect ,offers a epotential,.; way. of 
detectingicatalytic, cooperativity. «Recently wae snumber, of 
studies have revealed substrate modulations of oxygen 
exchange to occur in ATP synthesis by mitochondria and 
chloroplasts (22,23,24),. with) membrane-bound ATPase (25), 
with soluble mitochondrial ATPase (26,27), with glutamine 


eynthnecase’) (28)quand sfinally;_ wath sea eco! /psuccinyl CoA 
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Synthetase (29). In each of these studies it has been 
proposed that the most probable explanation of the results 
1S catalytic cooperativity. That is, binding of the sub- 
strate to a catalytic site of one subunit affects the inter- 
mediate steps that result in oxygen exchange on the other 
subunit. A major part of this thesis is involved with a 
further investigation into the mechanism of catalytic 
cooperativity in succinyl CoA synthetase. — 

It must be borne in mind that another school of thought 
Maintains that there is no evidence that the phenomenon of 
half-site reactivity is of general importance in the normal 
catalytic turnover (30). In this vein, recent studies on E. 
coli alkaline phosphatase using alternative substrates as a 
probe for catalytic. cooperativity indicate that this 
mechanism, despite its attractiveness, does not seem to 
operate in that enzyme system (31). 

The preceding discussion has focused on Situations 
where the structure or function of the enzyme molecule it- 
self; jhasevbenefiteds from. its. oligomeric structure. For 
example, it has become more stable, more sensitive to regu- 
lation, or more catalytically efficient. Possibly one should 
think in broader terms when attempting to justify subunit 
structures to determine if there are any rationales in which 
the cell or organism as a whole appears to gain the advan- 
tage by having its enzymes largely in oligomeric form. A 
number of different reasons of this nature have been 


suggested includinggmreductiony Of sp osmoticsspressure and 
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facilitation of compartmentation. These rationales are less 
obvious than the previously discussed ones, and are much 
more difficult to assess experimentally. Perhaps no general 
answer to the question of the significance of subunit struc- 
tures exists. It. may be that each oligomeric structures is 
'...Merely a reflection of the haphazard way in which that 
Great opportunist, Natural Selection, arrives at an effec- 
euveasOlutron... 132)" totthes® problemswtotarcatalysismeand 


regulation. 


B. Succiny]-CoA synthetase background 
It is presently thought that the overall reaction cata- 


lyzed by succinyl-CoA synthetase occurs in three steps: 


(2) E + ATP =—=E-P + ADP 
3) E-P + succinate = E.succinyl phosphate 
(4) E.succinyl phosphate + CoA===E + succinyl-CoA + Pi 


The first partial reaction involves the formation of the 
phosphoenzyme intermediate (E-P) in which a _ histidine 
residue is phosphorylated. The suggestion of a phosphory- 
lated derivative of succinyl-CoA synthetase was first made 
by Kaufman (33) who detected an isotope exchange reaction 
between ADP and ATP in the presence of spinach succinyl-CoaA 
synthetase and Mg?*. A similar suggestion was made for the 
E. coli enzyme when it was observed to covalently incor- 
porate label from [y-*??P]JATP but not from [8-'‘C] ATP (34). 


This led to the identification of phosphohistidine in 


ie ae 


; Te Pde 
Fe. RA! 


“REO4 + OVE 


oe ah [As vs 
y eu ‘ t as % 
oof D, A a \ 
i it 
ns 


& ‘Ss 
‘4 
"0 _ f 
7 ory : W«@ 
at 39 Yosser) 
anso. Tae ot 4 


JrmQReeeORS ‘3 ROCMBEViem sa) : 


Shes Sart? 


Gav 


' 7 
Ap? Panes BE e4 whe |)Scscc8s ak Sense sal 


(hase ivalosue 


ae 7e2 9644 e249 A407 Faxeovea 


-epee! ~iseeiaves 


A) ohbk? QYA (9! “-8) gaz 
“eb. avira ttelecdgenta 
_ 5 
wi | oj) 
ae. : 


+e a a? 


as HAR: 


iSentam be 


) N/a es Pree ae 


MehvasKiens2 ayer np * ad 
| = i) . Dy fi 
i sea yeh Ss siouotevia ens nan al ! 


yok 


‘(oO saat seGlen OF 


(jai mat 6°. Ceeeeesy¢ it. Seta 
‘a 
ee en eo eS 
* 2 i at ) eo7 ‘ } 
i os hin 
~ 7 ' 
) j hy ‘eer 
atte 
See Deh wen 
| 
Wo 
y | 4 ¢ <¢ i ai ‘ iN : 


Bi. ole: 
¥ sa a) e 1 x : ay 
= oe wi ahs’ jay : 


! 
2 oe 


ee a + - bat be Olathe aA 


- Let see it 


= Ig ; atria be, 


N : ve . ae 7 i 7 
Oty 
ry ee) ee “aoe, 


GL atce f * 


YCRSS69" ef 


Ons emsin’ (ve : 
jogo SPAT Fee), aos raged i 


0 “ae bene St on we: he teed 
. oe } uy | 


ais io 


>) on a 


SPeTERSe Abe yi 


ee P,' th 


alkaline digests of E£. coli succinyl-CoA synthetase (35). 

The mere existence of a phosphorylated derivative of an 
enzyme does not prove that it is an obligatory intermediate 
in catalysis - for example, the phosphorylation could be 
structural or serve a regulatory role. However, experiments 
using rapid mixing and quenching techniques showed that the 
presteady state kinetics of the phosphorylated form of 
Succinyl-CoA synthetase satisfied the criteria expected of 
an obligatory intermediate; i.e., the steady state level of 
E-P is reached before the overall reaction achieves steady 
State and the initial rate of E-P formation is faster than 
the steady state rate of the overall reaction (36). 

The first suggestion that succinyl phosphate might 
participate as the second catalytic intermediate was based 
on the observation that '*0 is transferred from succinate to 
phosphate during catalysis by either the bacterial enzyme 
(37) or the mammalian enzyme (38). This is one of the most 
important facts concerning the mechanism of succinyl-CoA 
Synthetase, especially with regard to the subject of this 
thesis, since it is this oxygen exchange reaction that is 
exploited as a probe for catalytic cooperativity in 
succinyl-CoA synthetase. The most convincing evidence for 
the existence of the succinyl phosphate intermediate was 
reported by Nishimura and Meister (39) who showed that: 

1. [2?P] succinyl phosphate could be separated from reaction 
mixtures containing succinate, “{y=*?2P]°°ATP, and high 


concentrations of the bacterial enzyme. 
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2. Succinyl phosphate reacted with ADP to produce ATP and 
with CoA to produce succinyl-CoA in the presence of the 
enzyme. 

3. [*?P] succinyl phosphate reacted with the enzyme to form 
[*?P] phosphoenzyme and in the reverse direction phospho- 
enzyme and high concentrations of succinate reacted to form 
succinyl phosphate. 

The observation that the rate of dephosphorylation of 
the enzyme by succinate is much slower than the overall 
reaction led to the suggestion that succinyl phosphate may 
not be a discrete intermediate but that, alternatively, 
reaction (3) and (4) may occur in a concerted fashion (40). 
This mechanism would still account for transfer of '%0 
between succinate and phosphate. These doubts about the 
succinyl phosphate intermediate were largely dispelled by 
the findings that desulpho-CoA stimulates the production 
(41) and utilization (42) of succinyl phosphate. 

These stimulatory effects of desulfo-CoA are related to 
an intriguing feature of succinyl-CoA synthetase catalysis 
termed ‘substrate synergism’. The finding that the ADP - ATP 
exchange reaction catalyzed by the bacterial enzyme is 
enhanced in the presence of other substrates led to the 
concept of substrate synergism - that is, the active site is 
fully active. only when all’ substrate “binding=sites»are 
filled (36). These effects could be the result of confor- 
mational changes in the locality of the active site. Other 


manifestations of substrate synergism are ATP stimulation of 
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the succinate - succinyl-CoA exchange and CoA stimulation of 
the ATP - E-P exchange (36). Substrate synergism may be a 
general property of the enzyme from a variety of sources, 
Since CoA and succinate stimulate the GDP - GTP reaction 
catalyzed by the heart enzyme (43). 

The subunit structure of succinyl-CoA synthetase was 
elucidated in the 1970's and is of primary significance to 
this thesis. Although it had been previously noted that the 
enzyme seemed to dissociate in the presence of either mer- 
curials (44,45) or denaturants (46), less equivocal evidence 
for the presence of subunits was provided by Bridger (47) 
uSing the technique of polyacrylamide gel electrophoresis in 
the presence of sodium dodecyl sulphate. Electrophoresis of 
the bacterial enzyme in the presence of detergent gives rise 
to two bands corresponding to two subunits of differing 
size. Their molecular weights were estimated to be approxi- 
mately 30,000 and 39,000 for the smaller (a) and larger (8) 
subunits, respectively. It was suggested that the E£. coli 
enzyme is a tetramer of the a,8., type. The predicted mole- 
cular weight of this structure would be near 140,000, which 
agrees nicely with that determined for the native pene by 
sedimentation equilibrium techniques (44,48). 

As was the case for the bacterial enzyme, a preparation 
of pig heart succinyl-CoA synthetase gave rise to two dis- 
crete bands when subjected to electrophoresis in the 
presence of detergent (49). Their respective molecular 


weights were estimated to be 42,500 (8) and 34,500 (a). The 
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molecular weight of the native heart enzyme has_ been 
estimated to date only by gel filtration on calibrated 
columns, but all determinations agree fairly well with a 
value of 75,000 (49,50,51). These results strongly suggest 
that the pig heart enzyme is a dimer of the af type. 

It emerges that one striking difference between E£. coli 
and pig heart succinyl-CoA synthetase is in their molecular 
weights; the pig enzyme is approximately half the size of 
the E. co/]i enzyme. The molecular weights of three other 
bacterial succinyl-CoA synthetases have been reported to be 
very sSimilar tovthat of the’ £.s coluw-enzyme *<U52)\" A (recent 
Survey based on gel filtration behaviour indicates that 
Succinyl-CoA synthetases from a variety of sources may be 
divided into 'large' (corresponding to molecular weights of 

140,000) and 'small' (molecular weights of 70,000) types 
(53). Only Gram-negative bacteria produce the 'large' enzyme 
while Gram-positive bacteria and diverse eukaryotic 
Organisms produce the 'small' type. Two questions can be 
formulated when contemplating these intriguing quarternary 
structures of succinyl-CoA synthetase and they are discussed 


below. 


Cc. Why two kinds of subunits? 
Studies done on other heteromeric enzymes (some 
examples are described in the first part of this chapter) 


have indicated that each subunit type may have a different 
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Muncevon .eiTo;- assignmroles sito -ithe § arand yh usubuniits iof 
Succinyl-CoA synthetase methods were developed for their 
Separation so that each could be studied in isolation. 
Pearson (54) achieved this using gel filtration in the 
presence of 6 M urea and 5% acetic acid. They also dis- 
covered that, in the presence of ATP, the isolated subunits 
may be reassembled to form active enzyme. These techniques 
of subunit isolation and recombination have been exploited 
in some of the studies presented herein. However, detailed 
characterization of the isolated subunits was hampered by 
the finding that they are only slightly soluble in benign 
buffers. 

Previous to the isolation of ane subunits it was deter- 
mined, uSing gel electrophoresis in the presence of deter- 
gent, that the smaller a subunit is the site of phosphory- 
Yationvatter -incubating: thexvenzyme ijwith[*2P) ATP (47)... By 
testing the purified subunit, it was discovered that a is 
capable of catalyzing its own phosphorylation by ATP (55). 
This result establishes that, not only is the phospho- 
histidine residue in the a subunit, but also the ADP and ATP 
binding sites together with the equipment for phosphoryl 
transfer. In this regard succinyl-CoA synthetase is much 
like the previously discussed example of tryptophan synthase 
- that is, an isolated subunit of each enzyme catalyzes a 
partial step in its overall reaction. Also resembling the 
case of tryptophan synthase is the observation that the 


presence of £ speeds up the rate at which a phosphorylates 
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itself (55). It thus appears that B can promote a confor- 
mational change in a which makes the latter a more efficient 
catalyst. 

This is not the only role which has been suggested for 
the B subunit. Unlike the holoenzyme, the a subunit does not 
undergo phosphorylation in the presence of succinyl-CoA and 
Pi (the reverse of reactions 3 and 4). This was the first 
indication that the binding sites for Succinate and CoA 
might be located on the B subunit. An observation that lends 
Support to this concept is the syncatalytic succinylation of 
a lysine residue in B (55). During the course of my studies, 
more compelling evidence for the CoA site being located on 
the B subunit was reported by Nishimura and Collier (56), 
who demonstrated affinity labeling of the B subunit by oxi- 
dized CoA-disulfide. Using the approach of affinity chroma- 
tography, I have gained further evidence that CoA binds to 
the B subunit. From all of this, the active site may be 
visualized at the contact point between the two subunit 
types. Thus, the rationale for the presence of two types of 
subunits in succinyl-CoA synthetase seems to be that both 
are required for assembly of the active site, with ATP and 


ADP binding to a and succinate and CoA interacting with 8. 
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D. Why two copies of each subunit per molecule? 

Evidence has been presented suggesting that the quater- 
Mary structures of succinyl-CoA synthetase molecules from a 
variety of sources may be divided into two categories. The 
Geamenegatives, bacteria a(E,.)col i: ineluded).,| produce the 
"large' enzyme (a,8, tetramers) while Gram-positive bacteria 
and Biikacyotes produce the 'small' type (af8 dimers). The 
following discussion concerns possible rationales for the 
presence of two copies of both a@ and B in the E. coli enzyme 
molecule. 

There are several indications that the two halves of 
the E. coli succinyl-CoA synthetase molecule are capable of 
communicating with each other. It has been observed that the 
enzymeshowsi, half-of=the=sites, reactivity with, respect..to 
phosphorylation - that is, only one phosphoryl group is 
incorporated per a.,8, tetramer (44,57). In contrast, a 
Stoichiometry of phosphorylation approaching two has also 
been reported (58). More recently, the issue has been 
reinvestigated by Bowman and Nishimura (59). They used a 
chromatographic technique to show that &. co/i enzyme of low 
specific activity incorporated approximately 1 mole of phos- 
phate per tetramer while enzyme of high specific activity 
incorporated about 1.7 moles of phosphate. An NMR relaxation 
timevastudys Ones thes Mnill)i< ions complexi,of s2thes E.4col-l 
succinyl-CoA synthetase molecule has lent support to this 
concept by demonstrating that the enzyme of high specific 


activity has four metal ion binding Sites with 
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indistinguishable dissociation constants while the enzyme of 
lower specific activity has two strong metal binding sites 
and two weak metal binding sites (60). However, a very 
recent study carried out in our laboratory, making use of 
the techniques of subunit isolation and recombination, indi- 
cates that a hybrid enzyme species containing only one phos- 
phorylated a subunit can be prepared (61). As discussed in 
Levitzki and Koshland's review on negative cooperativity and 
half-site-reactivity this type of inconsistent behaviour 
"..-may well be a pattern for half-of-the-sites reactivity 
in many proteins when they are investigated in sufficient 
detail' (15). That is, the conformational changes induced by 
the interaction of the first ligand may cause the remaining 
half of the molecule to be unreactive but not inert. There- 
fore, depending on the experimental conditions, essentially 
stoichiometric amounts of monosubstituted enzyme may be 
formed before significant amounts of disubstituted enzyme 
are obtained. Whether £. col/i  succinyl-CoA synthetase 
exhibits complete half-of-the-sites reactivity or merely 
strong negative cooperativity is immaterial to the following 
proposal. The important idea is the implied communication 
between the two active sites. 

This sort of communication indicates that prominent 
interactions between subunits must occur. Boyer and his 
co-workers have proposed that these interactions raise the 
possibility of the operation of catalytic cooperativity in 


this system. They have interpreted their data on the 
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modulation of oxygen exchanges catalyzed by succinyl-CoA 
Synthetase to be supportive of this concept. Further, they 
suggest that the E. colji enzyme operates with its two 
identical active sites participating in sequence such that 
acceleration of catalytic events at one site results from 
interaction of a substrate at the other site (29). A major 
part of this thesis involves a detailed investigation into 
the validity and possible mechanism of catalytic coopera- 
tivity in E. coli succinyl-CoA synthetase using in part the 
elegant method of analysis developed by Bild, Janson and 
‘Boyer. Many of the results were unexpected but are  indi- 
cative of the complexity and capricious nature of this 


enzyme system. 
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II. STUDIES ON THE ACTIVE SITE OF E. COLI SUCCINYL-CoA 


SYNTHETASE 


A. Introduction 

Studies done on oligomeric enzymes containing more than 
one kind of subunit have revealed that each subunit type may 
have a different function and, in some cases, that the 
active site may be assembled at the subunit interface. 
Evidence was reviewed in the Introduction indicating that 
this may be the case for succinyl-CoA synthetase, i.e. since 
the a-subunit is capable of catalyzing its own phosphory- 
lation from ATP but not from succinyl-CoA and phosphate it 
waS proposed that ATP binds to the a subunit while the CoA 
and succinate binding. sites are located on the B subunit, or 
comprise part of both subunit types. I have attempted to 
establish the location of the CoA site more firmly by 
Studying the binding of the isolated subunits of E. coli 
Succinyl-CoA synthetase to an agarose-hexane-coenzyme A 
affinity resin. Although the results of this study were 
complicated by the insolubility ‘of the’ -isolated ‘subunits, 
they support the concept that the CoA binding site may be on 
the B subunit. 

Another approach involved the modification of intact E. 
coli succinyl-CoA synthetase. Chemical modification tech- 
niques have shown that arginine residues, largely protonated 
at physiological pH, serve as recognition sites for anionic 


ligands in many proteins (62). It seemed reasonable to 
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expect that arginine residues might be involved i 
succinate, CoA and/or ATP binding in succinyl-CoA 
Synthetase. The following experimental design was developed: 
if specific arginine residues located ina binding site 
could be protected from modification by substrate, then that 
protected group could be reacted with ['‘C] .phenylglyoxal 
(an arginine-selective a dicarbonyl (63)) after substrate 
removal and isolation of the modified subunits would reveal 
Ene slocativon of itherbDingingrisite.s Mth wid bers shown: ) that 
phenylglyoxal does mactivate:) E. Cola Succinyl-CoA 
Synthetase. However, protection by substrates was not 
considered sufficiently complete to warrant further studies 
involving the isolation of the modified subunits. 

A second modification study was done on E. coli 
Succinyl-CoA synthetase. This involved the reaction of sulf- 
hydrylesigroups. with; NBD-Cly { 7-chliono-4-ni trobenzeno-2-oxa- 
1,3-diazole), a fluorogenic probe first reported by Birkett 
et al. (64). Hybrid enzymes were created by reconstituting 
normal and modified subunits. The properties of these 
molecules revealed that sulfhydryl groups in both the a and 


8B subunits are important for activity. 


B. Materials and Methods 
1. Purification and Storage of succinyl-CoA synthetase 

The general methods described here were used in the 
preparation and handling of Succinyl-CoA synthetase 
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coli enzyme was purified from Crooke's strain of E. coli 
grown on succinate-based medium by methods described earlier 
(46,65). The pig heart enzyme (which is studied in some of 
the latter chapters) was purified from fresh pig hearts 
essentially by the procedure of Cha et al. (66), with 
addition. of) a, »final, purification step involving affinity 
chromatography on Blue Sepharose CL-6B. Preparations were 
judged to be pure by homegeneity upon gel electrophoresis. 
The concentrations of both enzymes were routinely determined 
from their absorbance at 280 nm (48,67). Various 
preparations of the purified —&. co/i enzyme had specific 
activities ranging from 35 to 45 units/mg when assayed by 
the direct spectrophotometric method (68). Using a similar 
assay medium (66), the pig heart enzyme exhibited a specific 
activity of approximately 20 units/mg. (Other assay systems 
were employed in this thesis and they are described in the 
pertinent sections). Both the E. coli and pig heart enzyme 
were stored at 4°C as precipitates in 70% saturated ammonium 
Sulfate. Small amounts of the enzyme were centrifuged, 
dialyzed extensively against the appropriate buffer, and 
then run through a small gel filtration column to remove any 
remaining salt prior to each experiment. 
2. Affinity Chromatography 

The agarose-hexane-coenzyme A resin (AgCoA Type 1 from 
P.L. Biochemicals, Inc.) contained 0.5 umoles of CoA per ml 
of packed wet gel. It was prepared by reacting CoA with an 


agarose-hexanoic acid resin using dicyclohexylcarbodiimide 
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so that the final product contained the free sulfhydryl 
group on the CoA moiety. The agarose hexanoic acid resin 
(Aghexanoic from P.L. Biochemicals, Inc.) was used as_ the 
control matrix. Small columns (prepared in pasteur pipettes) 
€eonraining iw tmiewofs the CoA: ‘or control resin were 
equilibrated with a 20 mM Tris-HCl buffer, pH 7.0 containing 
0.75 M urea. The urea was included in the elution buffer in 
erders co keepethes isolated subunits from precipitating (out 
of solution. Even in the SCC HEL: of the urea the solubility 
of the subunits was limited and it was necessary to work 
with very dilute solutions. Because of the low protein 
concentrations involved, the subunits were detected as they 
came off the columns by the sensitive protein-dye binding 
method of Bradford (69), whereby the binding of Coomassie 
Brilliant Blue G-250 to protein causes a shift in the 
absorption maximum of the dye from 465 to 595 nm, and the 
increase in absorption at 595 nm is monitored. The original 
concentration of the a and B preparations was also deter- 
mined using this technique. 

The isolated a and £B subunits were prepared from E. 
coli succinyl-CoA synthetase by gel filtration according to 
the methods developed by Pearson and Bridger (54). Samples 
(300 ul containing approximately 200 ug of protein) of 
either the a or £B subunits were applied to the CoA and 
control columns and 1 ml fractions were collected at a_ flow 
rate of 0.2 ml/min. The columns were first eluted with 10 ml 


of the Tris-urea buffer, and then with another 10 ml of the 


>a! Heine vine ede bl Lent? Az my 


7 Set 0 | / evr. | Pe oy s dup der: 259) bid ‘ 


' - 
: , ide +d “ wey 

*, il ; rs a) vis «! 7 : sEty ‘be 
- 7 ¥ 


we 
<) f 8 “ J ' Tk) o ne he a aw — 7 “pores om 
: “ Hf : ie 
rc 
7.1 m, ne el ‘ » & ‘on t > 
a Sa 
we 
ti 8: Mo » lie Se7ead eee 
. ot: 
(cic iee 7 it of Py tay & i 
e | fa | am) 
“eS @ é : : , 
y * 
ne ty 
Vea Eau .4Y (futua TOES 


vi, ial) Begiesat Bw2a 
. | o) elt Sears 


(" i 
i toe 


; | ° > i. i P ood gatsas® _ 
midds t44 peter 


. 
1 on 
id mae Se/G.508 oat. ; 


7 a 
F mm Pe rt 40 ee oe gue - 


. 2 ROSTERS, Yl Gavsnissem isolkemy q 
yO" Sea ae reer silicates se 
ee ee a ee a 
fi it towaae J. 3) Bag, abaapies tect 


a ower (can ceil hale 
Re 


: J ine i Fal 
ae 


7 ’ aX 
aries ak ae” by, ae 


; 
-' 


24 


Same buffer containing 0.6 M KCl. 

Tris (ultra pure) and urea were obtained from 
Schwarzmann. The Coomassie Brilliant Blue G-250 was 
purchased from Serva. 

3. Arginine Modif ications 

Ee coli Succinyl-CoA synthetase was modified by 
incubating 75 to 200 ug of enzyme with 4.0 umole of phenyl- 
Glyoxal in 250 ul of 50 mM MOPS. buffer, pH 8.2°at 25°C. The 
kinetics of the inactivation were followed by taking 
aliquots of the incubation mixture at appropriate time 
intervals and assaying for activity by dilution into a 
modified direct assay solution which contained MOPS instead 
of the standard Tris buffer (68). The enzyme was phosphory- 
lated prior to inactivation by incubating it for 15 minutes 
ate25eC anyvarsolutionecontaining,@50)amMe: Tris-Hel “orie7 <2) 
50 mM KCl, 5 mM MgCl, and 100 uM ATP and then dialyzing it 
exhaustively against the MOPS buffer. In the protection 
experiments an excess of substrate was included in the 
incubation mixture together with the enzyme, phenylglyoxal 
and 2 mM MgCl,. MOPS and phenylglyoxal were obtained from 
Sigma. ATP was purchased from Terochem (Edmonton, Canada) 
and CoA from P.L. Biochemicals. 

4. NBD-Cl modif ications 

The E£. coli enzyme was modified by incubating it, at a 
concentration of approximately 0.7 mg/ml, with NBD-Cl in 
50 mMsiMOPS= “butter. SoH esc sateuz5oC. wins the kinetic 


experiments, a NBD-Cl concentration of 0.1 mM was used and 


‘me ot 5 ot pei howd bier eee 


Ta: ; ) } ‘ MH 9%. any | 65:30) Y oe i tA 
_ i 
aw + maak aw se © | a ? ‘on e ies Y . 

cvust op) Boge 


eS) Nh VER 


oe i Lyernt, 4 iia 
fuse «al aa 
; iat nu @  Goe 

eae es: 

el aie”? aR ets 

SIN , Mian Sr [oyo2 SueTA cue sige 

act | Vion em vail pr, Ms z | 
g364); : v7 a CHAee pei Bey Th 
ane) Sic), om ea. 

ise 35 1s ( Dobe - Ade Smeg, 1190 vi ott 


~ 
4 3,888 20 8 1 Oe af ASD mney" 
\ 7 


Gilet iaistnges: to npisews 
ae a n= 253233 z' aon ms 
See bn : Nobfest ite bas sgragte: ‘. nen. 


Zo 


the rate of inactivation was monitored by assaying aliquots 
of the incubation mixture in the modified direct assay (68) 
containing MOPS buffer; the absorbance change was followed 
by incubating the mixture in a total volume of 1 ml ina 
cuvette in the spectrophotometer. In the experiments where 
the reaction was taken to completion an NBD-Cl concentration 
of 1.0 mM was used and all other conditions remained the 
same. 
5. Preparation of NBD-C] modified subunits 

The enzyme (approximately 14 mg) in a total volume of 
20 ml was modified with NBD-Cl (1.0 mM) until the reaction 
was complete, i.e. 16 sulfhydryl groups were modified in 
each enzyme molecule. Ammonium sulfate (10 grams) was added 
and the precipitated enzyme was spun down and resuspended in 
2 ml of 50 mM MOPS, pH 7.2. Any remaining salt and unreacted 
NBD-Cl were removed by running 20 ml of the MOPS buffer 
through the sample in a small Amicon ultrafiltration 
apparatus (a YM-10 membrane was used). The protein was then 
transferred into the urea-acetic acid separating buffer by 
running’. 14, -mMi-roLr, “this buffer through, she uleuariitration 
cell. The remaining 2 ml of modified enzyme were loaded onto 
a gel filtration column and the subunits were separated 
according to the methods previously described (54). NBD-Cl 


was purchased from Pierce Chemical Company. 
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C. Results 
1. Affinity Chromatography 

Preliminary experiments were done which showed that 
native E. coli succinyl-CoA synthetase would bind to a 
CoA-hexane-agarose resin and that it could be eluted with 
the addition of 0.6 M KCl to the buffer. It was also found 
that the native enzyme did not bind to the control 
hexane-agarose resin. Having done these background experi- 
ments, the binding of the isolated a and B subunits to the 
two columns was examined. It can be Seen in Figure 1 that 
the majority of the B subunit binds to the CoA resin and is 
eluted when 0.6 M KCl is added to the buffer. It did not 
bind to the control column. Therefore, the B subunit mimics 
the behaviour of the intact enzyme. Unfortunately, the a 
Subunit bound to both resins and could be eluted only with 
the addition of 0.6 M KCl. 
2. Arginine Modif ications 

When E. col]i succinyl-CoA synthetase was incubated with 
phenylglyoxal, the enzyme was progressively inactivated. The 
kinetics of inactivation was biphasic (Figure 2) with the 
rapid reaction occurring immediately upon exposure of the 
enzyme to phenylglyoxal, and the slow inactivation 
continuing until the enzyme was almost completely inactive 
at 50 minutes. Apparent rate constants were calculated for 
these two reactions using the method of Ray and Koshland 
(70), i.e. the final slope gives the rate constant for the 


slower reaction (k=0.03 min~' and subtraction of the values 
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Fig. 1) = Affinity chromatography of) the a@ and £8 


SubunuGS sot bar. Peoli isuccinmy l= GOA Synthetase. 200 ug of the a 
or B subunit were loaded onto the CoA and control columns. 


The columns were first eluted with 10 ml of 20 mM Tris-HCl, 
pH 7.0 containing 0.75 M urea and then with 10 ml of the 
Same buffer also containing 0.6 M KCl. Other experimental 
details are included in the text. 
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Additions 


O none 
© |I6mM phenyiglyoxal 


log (% ACTIVITY REMAINING ) 


0 20 40 60 
TIME (minutes ) 


Fig. 2 — Inactivation, of/5. (colr (succinyai-CoA 
Synthetase by phenylglyoxal. 95 ug of &. coli enzyme, in 
50 mM MOPS, pH 8.2 were incubated in a final volume of 
250 ul at 250°C with the additions shown. Aliquots were 
assayed for activity after the indicated time intervals. The 
values shown are the average of three determinations. 
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along the extrapolated slope from the observed values gives 
the rate constant - for “the rapid reaction (k=0.27 min™"). 
Thus, the rapid inactivation was 9-fold faster than the slow 
inactivation at this concentration of phenylglyoxal. 

If this inactivation is attributable to phenylglyoxal 
modifying arginine residues that are involved in the binding 
of anionic substrates, then the presence of these substrates 
might be expected to protect the site from attack. 
Experiments testing this possibility are described in Figure 
3. The enzyme was protected to some extent from both the 
rapid and slow inactivation by the presence of 5 mM ATP or 
5 mM CoA. These two substrates together provided a slightly 
higher level of protection. It can be seen that Succinate 
not only does not provide any protection, but enhances the 
Ssusceptability of the enzyme to inactivation. Since 
Succinate promotes the dephosphorylation of the enzyme in 
the presence of Mg?* (40), and thereby promotes formation of 
a “looser" conformation for the enzyme (18), it was reasoned 
that the increased susceptability to phenylglyoxal brought 
about by succinate could be a reflection of the state of 
phosphorylation of the enzyme. This was confirmed by experi- 
ments in which the samples were incubated for increasing 
times with succinate prior to inactivation by phenylglyoxal 
for a set length of time. The rate of increase in suscepta- 
bility corresponded well with the rate reported for the 


succinate-dependent dephosphorylation reaction (18). 
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Additions 
e CoA and ATP 
4 CoA 


v ATP 
oO none 


log (% ACTIVITY REMAINING ) 


© Succinate 


re) 10 20 30 AO MRO SO 
TIME (minutes) 


Fig. 3 - Protection by substrates against inactivation 
by phenylglyoxal. Approximately 200 ug of E. coli enzyme 
were incubated ina final volume of 250 ul of 50 mM MOPS, 
PH 8.2 which contained 5 mM Mg’* plus the substrate 
additions shown (all substrates were at 5 mM). The results 
are the average of three determinations. 
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3. NBD-C] modifications 

The essential features of inactivation experiments 
using NBD-Cl are shown in Figure 4. In the absence of 
Substrates there was a fairly rapid, pseudo-first-order 
inactivation of E. coJi succinyl-CoA synthetase. Mg?*, alone 
or together with ATP, retarded the rate of inactivation 
Slightly with ATP adding no additional protection above Mg?* 
alone. Addition of CoA and Mg?* provided complete protection 
from inactivation but this is most likely attributable to 
reaction of NBD-Cl with the free sulfhydryl group on CoA 
cauSing the loss of its inhibitory properties. 

This time-dependent inactivation was paralleled by an 
increase in absorbance at 420 nm. NBD-Cl is known to react 
Specifically with free sulfhydryl groups in proteins at 
PH 7.0-8.0 (71,72) giving rise to a fluorescent derivative 
(S-NBD). The reaction product with -SH is identified by an 
absorbance maximum at 420 nm and an emission maximum at 
520 nm. The excitation and emission spectra of the 
derivatized —&. co/]i enzyme were examined and peaks at 420 nm 
and 520 nm were found. There was no evidence of an absor- 
bance maximum at 475 nm which is characteristic of the 
reaction product with amino groups. 

The relationship between the loss of activity and the 
number of sulfhydryl groups modified is shown in Figure 5. 
The stoichiometry of modification was calculated using an 
@xtinctilon ccoetricientwotmic. os x 10ceMe cma sat. 420 nm 2) 


for the S-NBD derivative. The date indicate that 
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Additions 


© CoA and Mg** 
O ATP and Mg** 
Aa Mg** 


vy none 


log (% ACTIVITY REMAINING ) 


[Opt 20 30 40 
TIME ( minutes ) 


Fig. 4 - Protection by substrates against inactivation 
by NBD-Cl. The reaction mixtures contained 50 mM MOPS 
buffer, pH 7.2, 120 ug enzyme, 0.4% ethanol, 20 nmole NBD-Cl 
in a total volume of 256 ul. CoA, ATP and/or Mg?* were added 
to a final concentration of 5 mM where indicated. The 
mixture wasS incubated at 25°C and samples were removed at 
the indicated times and assayed. Ethanol was used as a 
solvent for NBD-Cl. 
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% SPECIFIC ACTIVITY REMAINING 


| 2 3 4 5 
NUMBER OF NBD-SH MODIFICATIONS 
PER ENZYME MOLECULE 


Fig. 5 - Titration of E. coli succinyl-CoA synthetase 
with NBD-Cl. The reaction mixture contained 50 mM MOPS 


buffer, pH 7.2, 740 Ug enzyme, 0.5% ethanol, 100 nmole 
NBD-Cl in a total volume of 1.0 ml. When following the 
absorbance change the mixture was incubated at 25°C in the 
Spectrophotometer. To measure the inactivation, aliquots 
from a duplicate mixture were assayed. 
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modification of approximately 3 important sulfhydryl groups 
is involved in the total lindgctivationg. ot. £.) (cold 
succinyl-CoA synthetase. Even after the enzyme is almost 
completely inactivated the number of sulfhydryl groups being 
modified continues to increase. Experiments were done to 
determine the total number of sulfhydryl groups available 
for modification (the concentration of NBD-Cl was increased 
10-fold) and the results shown in Figure 6 indicate that of 
the total of 24 sulfhydryl groups on the enzyme (54), a 
maximum of 16 sulfhydryl groups could be modified. 

When the a and 8 subunits of the fully modified enzyme 
were separated and the number of modified sulfhydryl groups 
per subunit was determined, again using the known extinction 
coefficient for the derivative, it was found that each sub- 
unit retained approximately 4 modified groups. This adds up 
nicely to the original 16 modifications in the intact a.B, 
tetramer. Experiments were performed employing the _ tech- 
niques previously developed by Pearson (54) for recom- 
bination of normal a and B subunits into active enzyme. It 
was found that no detectable enzyme activity was regenerated 
when the NBD-Cl-modified a and normal B or modified B and 
normal a were recombined together. It was anticipated that 
the derivatized subunits were actually refolding with the 
unmodified subunits in these experiments, since the sulf- 
hydryl groups involved in subunit contacts should have been 
protected during the modification of the intact enzyme. This 


was corroborated by the finding that either modified subunit 
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Fig. 6,- Maximum modification of EB. cols suce@inyi=CoA 
ynthetase with NBD-Cl. The reaction mixture contained 50 mM 
OPS, pH 7.2, 735 ug enzyme, 4.8% ethanol, 1.0 umole NBD-Cl 
na total volume of 1.05 ml. The increase in absorbance was 
onitored by incubating the mixture at 25°C in the 


pectrophotometer. 


36 


is able to reduce the specific activity of the refolded 
enzyme, even when stoichiometric amounts of normal a and 8B 
are present, i.e. the modified subunit appears to compete 


with the normal subunit for its partner during refolding. 


D. Discussion 

The affinity chromatography studies using the 
CoA-hexane-agarose resin indicate that the isolated 8 
Subunit may contain an intact CoA binding Site since the 
subunit binds to the CoA resin but not to the control column 
Gurcune. |) ..Unftortunately,, itu -iSugda cliculteptos amake,- firm 
conclusions about the CoA binding ability of the a subunit 
from these experiments Since it is bound to both the CoA- 
and control columns (Figure 1). This binding is probably due 
to non-specific hydrophobic and ionic forces contributed by 
the Spacer-arm matrix assemblies. Subsequent to these 
experiments, affinity labelling studies in Nishimura's 
laboratory have lent support to the concept of the CoA site 
being on the B subunit. Incubation of oxidized CoA disulfide 
(73) 4 sors S-(4=bromo<2 ,3-dioxobutyl) “CoA. (74 )iiwith E.coli 
Succinyl-CoA synthetase led to the formation of inactive 
enzyme and sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis showed that the site of labelling was on the 
B subunit. Previous to these affinity chromatography and 
labeling experiments it had been speculated that the binding 
site for CoA might lie on the @ subunit since its presence 


was required to accomplish phosphorylation of the @ subunit 
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Peomesuccinyl-CoA and Pi, (55). The affinity | chromatography 
results show that a functional CoA binding site resides on 
the £8 subunit. Thus, the B subunit appears to have a cata- 
lytic role and the complete active site must be assembled at 
the af interface. 

The inactivation of £—. colji succinyl-CoA synthetase by 
phenylglyoxal showed biphasic kinetics (Figure 2). As 
discussed by Ray and Koshland (70), this may be a reflection 
of several residues being modified with different rates, 
enzyme heterogeneity or progressive denaturation. It is 
unlikely that the biphasic inactivation is related to the 
presence of phospho- and dephospho- forms of the enzyme (as 
was the case when the rat liver enzyme was inactivated with 
dial-GDP (75)) since the enzyme was purposely phosphorylated 
prior to inactivation and, secondly, when ATP-Mg?* was 
included during the incubation it did not selectively 
protect against either phase of the inactivation. The fast 
and slow inactivation may be due to the presence of dimer 
and tetramer in solution (evidence will be given for this 
equilibrium in later chapters), but with the use of 
['*C]-phenylglyoxal, Nishimura has shown (personal 
communication) that 3 arginine groups per af dimer (6 per 
tetramer) sane | INpoLtant, fOr | activity. Therefore, the 
biphasic kinetics may simply be a reflection of the 
different reaction rates of these residues. CLE is 
interesting to note that extrapolation of the slow and fast 
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activity was lost due to the slow inactivation and 66% due 
to the rapid inactivation; it is not known how this relates 
to Nishimura's three important arginine groups.) Since none 
of the substrates protect selectively or completely against 
either phase of inactivation (Figure 3) it was felt that the 
modification of E. coli succinyl-CoA synthetase by phenyl- 
glyoxal was too complex to allow localization of the binding 
Sites through subunit isolation. 

The inactivation of E. co/]i succinyl-CoA synthetase by 
-NBD-Cl_ showed pseudo-first-order kinetics and Mg?* and 
ATP-Mg?* afforded partial protection against the 
inactivation (Figure 4). This was also found to be the case 
when the enzyme was inactivated by N-hexylmaleimide (76). 
Bgures 5 )and 96 show) thar approximately 73.0 sulfhydryt 
groups per a,8, tetramer are important for activity and that 
a maximum of 16-sulfhydryl groups per tetramer can be 
titrated. Previous work with methane thiolating reagents, 
Sou -dtn1o-bisi2-nicrobenzoic acid) and permanganate 
(7 11o)a Mast alsovundiceteds that Of themiemco mic meri tratable 
sulfhydryl groups, 3.0 to 5.0 appear important for enzyme 
activity. When the NBD-Cl modified subunits were isolated 
and refolded with unmodified subunits, no activity was 
regained. This result demonstrates that the modification of 
ae Ousul nydny lee grOupsce sinmnel Chel tne sa Ome pesuout Tuas 
sufficient to inactivate the enzyme as a whole. This is 
consistent with the hypothesis that a cluster of sulfhydryl 


groups may be located near or within the active site region 
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of the enzyme which lies at the point of contact of the a 
and B subunits (76). Alternatively, these modified groups 
may be distant from the active site but capable of promoting 
inhibitory conformational changes throughout the entire 


refolded enzyme. 
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III. OXYGEN EXCHANGE AS A PROBE FOR CATALYTIC COOPERATIVITY 
IN SUCCINYL-COA SYNTHETASE. PART 1: A STUDY ON HYBRID 


SUCCINYL-COA SYNTHETASE MOLECULES 


A. Introduction 

Boyer and his co-workers have recently suggested that 
catalytic cooperativity (as defined in Chapter 1) occurs 
between the subunits of E—. coli  succinyl-CoA synthetase 
(29). A simple model illustrating the operation of catalytic 
cooperativity in succinyl-CoA synthetase is shown in Figure 
7. Actually, the more specific alternating sites mechanism 
has been depicted for the sake of clarity. The phosphoenzyme 
is pictured as having a configuration characterized by two 
unequivalent active sites. This concept of phosphorylation 
resulting in a different conformation is in keeping with the 
observation that phosphorylation at only one of the _ two 
potential active sites in the enzyme results in profound 
changes in the reactivity of the enzyme to proteases (57). 
The hatched side of the enzyme molecule is visualized as 
being in a conformation ready to interact with ATP while the 
other! (phosphorylated) side of the molecule is in a con- 
figuration poised to carry out further catalysis, namely 
production of succinyl-CoA. In the model shown in Figure 7, 
the reaction of succinate and CoA with E-P gives rise to the 
production of succinyl-CoA which remains tightly bound to 
the enzyme. In order to release the succinyl-CoA, it is 


proposed that ATP must either bind to or phosphorylate the 
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other (hatched) side of the molecule. This is envisioned as 
promoting a conformational change throughout the enzyme 
thereby loosening the binding of succinyl-CoA. In this way, 
one catalytic cycle is complete and the two halves of the 
molecule switch conformations. Thus, the subunits may be 
seen as alternating between the 'catalytic' configuration 
and the 'ATP binding' configuration. If the release of 
Succinyl-CoA were a rate limiting step, then this mechanism 
would increase the maximum velocity of the overall peacemon 
DYE ODLOViding for va lowsbindingwconstant “Por the product. 
Although not explicitly indicated in Figure 7, the general 
model includes the possibility that some other intermediate 
step and not the release of product may be affected by ATP 
binding. 

The approach developed by Bild, Janson and Boyer for 
the detection of catalytic cooperativity in succinyl-CoaA 
Synthetase involves the measurement of the extent of oxygen 
exchange between medium ['*O]Pi and succinate per molecule 
of ATP cleaved during steady state succinyl-CoA synthesis. A 
pronounced increase in the relative rate of oxygen exchange 
catalyzed by E. coli succinyl-CoA synthetase was observed as 
the ATP concentration was lowered (29). The interpretation 
of this result as supportive of catalytic cooperativity may 
be developed from a consideration of the scheme shown in 
Figure 8. This figure shows the interconversions of bound 
Substrates and intermediates that give rise to oxygen 


exchange. Enzyme-bound reactants are represented by those 
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Fig. 8 - Schematic representation of¢the E.coli 
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within the box. It can be seen that during net synthesis of 
Succinyl-CoA at least one oxygen from succinate must be 
transferred to each Pi formed. However, if the inter- 
conversion of bound reactants occurs prior to release of Pi, 
more than one oxygen could appear in each Pi’ released. For 
oxygen atoms to exchange between medium Pi and medium succi- 
nate enzyme-bound phosphate must react with bound succinyl- 
CoA to form the succinyl phosphate intermediate and then 
E-P, with subsequent reversal of intermediate reactions 
including the on-off steps for succinate and Pi. Since the 
exchange between Pi and succinate was found to be quite 
rapid in the presence of low levels of succinyl1-CoA, 
hydroxylamine was included to keep the concentration of this 
product in the medium near zero. ATP levels were kept con- 
Stant by a pyruvate kinase ATP-regenerating system. The 
approximate progress of the reaction was monitored by 
including lactate dehydrogenase and following the oxidation 
of NADH which is proportional to the net flux of the overall 
reactzon lt» wase proposed by Bild ef “aja, + (29)>sthat- the 
observed reduction in the relative rate of exchange at high 
ATP concentrations results from ATP interaction at one site 
promoting intermediate steps crucial to oxygen exchange at 
the! other’ “site. =. Fort Vexample,°+ 1f" “attachments “of ATP. “to 
one-half of the enzyme molecule decreases the relative 
residence time™.Or @reactivity. ‘Off bound @succinyl-CoA,s (or 
increases the rate of formation of the succinyl phosphate 


intermediate, then the extent of oxygen exchange will be 
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reduced. 

To test the validity of this hypothesis, I have carried 
out experiments which take advantage. of our ability to sepa- 
rate the subunits of E. coli succinyl-CoA synthetase and 
then reconstitute the active enzyme. Using these techniques 
along with the experimental system developed by Bild et al. 
I have attempted to construct hybrid enzyme molecules 
containing subunits that are chemically modified and to 


investigate the oxygen exchange patterns of these hybrids. 


B. Experimental Design 

Central to the success of this experimental approach is 
the preparation of a suitable hybrid species of the E. coli 
Succinyl-CoA synthetase molecule which has one of its two 
active sites modified. Since catalytic cooperativity 
involves interactions between active sites, it was felt that 
the oxygen exchange kinetics of this one-sited hybrid would 
test the theory, and would possibly give insight into the 
details of its operation. 

The hybrid enzyme was prepared by raat eae the 
native enzyme with a sulfhydryl reagent, purifying the modi- 
fied subunits, and then refolding appropriate mixtures of 
normal and modified subunits. Since the intact enzyme was 
modified it was anticipated that surface sulfhydryl groups, 
and not those protected by subunit contacts, would be 
affected. Therefore, the modified subunits were expected to 


retain their ability to refold. 
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The test for catalytic cooperativity involved the 
introduction of increasing amounts of modified a subunit 
(a') into the native tetramer. These preparations, which 
would contain increasing amounts of one-sited enzyme 
(aa'B,), were examined for their ability to catalyze oxygen 
exchange. There are three possible outcomes from this 
experiment. Firstly, the extent of exchange might be 
insensitive to increasing amounts of a'. This would be 
expected if catalytic cooperativity were not operating, i.e. 
if the presence of an inactive a' in one half of the enzyme 
did not affect the relative amount of exchange catalyzed by 
the active half of the molecule. Secondly, the amount of 
oxygen exchange might increase with increasing a' concen- 
trations. This result may be interpreted as being supportive 
of catalytic cooperativity. That is, if the inactive subunit 
were unable to interact with ATP it would also be unable to 
affect intermediate steps in the neighbouring active subunit 
and the amount of oxygen exchange catalyzed per succinyl-CoA 
formed would be high, because of the high residence time for 
succinyl-CoA in the simple model of Figure 7. Finally, an 
increase in the amount of a' might result in a decrease in 
the exchange rate. This would occur if a' were 'frozen' ina 
configuration resembling the phosphorylated state whereby it 
would be capable of inducing its partner to catalyze a low 


relative rate of exchange. Therefore this result would also 


be consistent with the operation of catalytic cooperativity. 
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C. Experimental Procedures 
1. Preparation of the hybrid enzyme 

The NBD-Cl modified a subunit (a') was prepared 
according to the procedures described in the preceding 
chapter. The protein concentrations of a' and the normal 
subunits were determined by the protein-dye binding method 
of Bradford (69) using native succinyl-CoA synthetase as the 
standard. The hybrid succinyl-CoA synthetase was prepared by 
essentially the same method as that developed by Pearson 
(54) for the recombination of a and B subunits into active 
enzyme, except varying amounts of a' were added. More speci- 
fically, equimolar amounts of a and B subunits, both dis- 
solved in 6M urea, 5% acetic acid, 0.1 mM EDTA, and 0.5 mM 
dithiothreitol, were mixed so that the resulting protein 
concentration was 1.2 to 1.3 mg/ml. Ten-microliter aliquots 
of that solution were added to 35 ul of the acidic urea 
solution which contained varying amounts of a' (the concen- 
tration of a' was adjusted so that the molar ratio of a'/a 
ranged from 0 to 5). This 45 ul sample was neutralized with 
G7 45 (UlP Of MIM Tris) DHS. Heand: then frapidlyegdauluted siinto 
250 Sul of a’ “Solution "containing:'50 imMstTris-HeClL (pH 7.4); 
0.4 mM ATP, 10 mM MgCl., 10 mM Succinate, and 0.1 mM dithio- 
threitol. After incubation of the mixture at 26° for 1 to 3 
hours, 200 ul aliquots of the refolded hybrid proteins were 
assayed for enzyme activity and ability to catalyze oxygen 


exchange. 
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2. Preparation of [180]Pi 

Highly enriched Pi was made by the hydrolysis of PCl, 
in enriched water. This method was developed by Risley and 
Van Etten (79) and modified by Hackney et aj. (80). I 
followed essentially the same procedure as that used by 
Hackney et a]. but an excess of enriched water was not used. 
Accordingly, oe following changes were made: 1 ml (instead 
of 4 ml) of enriched water was reacted with the PCl,, this 
mixture was neutralized with 2.4 g of imidazole (instead of 
5 g) and then it was diluted to 200 ml (not 4 liters) before 
loading on the column. Otherwise, the procedures were 
identical. Two preparations were made, the first was 90% 
enriched while the second was 97% '*0. 
3. The reaction mixture 

The reaction mixture in which the oxygen exchange was 
carried out was essentially the same as that developed by 
Bild et a]. (29). The exact conditions used were as follows: 
the mixture contained, at pH 7.2, 60 mM Hepes-NaOH, 10 mM 
MgCl.,, 20\mM disodium;suecinate,)0.20.mM CoA, 5 mMis[("2O]Pi, 
1.0 mM Shaceioanet pyruvate, 480 mM hydroxylamine hydro- 
chloride, 0.40 mM NADH, 40 units of pyruvate kinase, 110 
units of lactate dehydrogenase, 150 UM ATP, and a 200 ul 
aliquot of the hybrid enzyme solution containing approxi- 
mately 7 ug of refolded a and 8 plus varying amounts of a’. 
Reactions were run at 25°C in a total volume of 1.5 ml. The 
stock solutions of ATP, CoA and NADH were prepared fresh 


each day. The solution containing pyruvate kinase and 
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lactate dehydrogenase was dialyzed against the Hepes’ buffer 
prior to use to remove ammonium sulfate. The hydroxylamine 
hydrochloride was neutralized to pH 7.0 with concentrated 
KOH. 

The approximate progress of the reaction was monitored 
by following the decrease in absorbance at 340 nm 
accompanying the oxidation of NADH. The blank cell contained 
the same reaction mixture minus the enzyme. After starting 
the reaction by the addition of enzyme, it was allowed to 
proceed until approximately 200 nmoles of product were 
formed (an A;,,. change of 0.8-0.9). Since this assay was 
found to be unreliable, especially when the reaction times 
were several hours, the concentration of succinohydroxamic 
acid was determined more accurately by estimating the 
Succinohydroxamate as its Fe** complex according to the 
method of Kaufman et a/. (81). This was done by quenching 
Oeoamle off theyreactioni mixture ink 0; Se mirofiarisolution: i con- 
taining 5% FeCl1,-3N HC1-12% TCA. The mixture was mixed for 1 
minute and then the precipitated protein was removed by 
centrifugation for 1 minute in an Eppendorf 5412 centrifuge 
at 15,000 rpm. The absorbance at 540 nm of the supernatant 
solution was determined immediately using 0.5 ml water plus 
0.5 ml FeCl,-HC1-TCA as a blank. A standard curve was made 
using succinohydroxamic acid prepared from succinic 


anhydride by the method of Lipmann and Tuttle (82). 
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4. Analysis of [18O]Pi by 31P NMR 

Recently, Cohn and Hu (83) have demonstrated that small 
chemical shifts in the ?'P NMR of phosphate compounds are 
pmaguced “byiusubstitution of)? *O'fory sO. 1) used thisamethod 
as an alternative to the mass spectroscopic techniques used 
by Boyer and co-workers for the determination of the distri- 
bution of ‘*O-containing phosphate species. The °'P NMR 
method was chosen Since it involves minimal sample 
Preparation and a high frequency NMR spectrometer was avail- 
able. 

The samples were prepared for NMR analysis as’ follows: 
At the same time that the 0.5 ml aliquot of the reaction 
mixture was stopped for analysis of product, the remaining 
1 ml was quenched by adding it to 200 wl of chloroform. The 
solution was mixed for 1 minute and frozen in a dry _ ice- 
ethanol bath until all the incubations were complete. The 
Sample was then thawed and the chloroform layer centrifuged 
out. To the supernatant, D.,0(700 wl) and EDTA (200 ul of a 
200 mM solution) were added; the pH was adjusted to 8.3 with 
1 N NaOH and the solution (approximately 2 ml) was trans- 
ferred to a precision NMR tube (Wilmad). A teflon vortex 
Suppressor was placed in the tube. 

The *'P NMR spectra were recorded on a Bruker HDX-270 
Spectrometer at 109.29 MHz. They were done in the Fourier 
Transform Mode using a 22 usec pulse (32 usec = 90° flip 
angle amanceman sacduisitton atime Jotso. 0. sec, The. spectral 


width was 100 Hz and a  linebroadening of 0.10 Hz was 
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introduced by computer digital filtering. The number of 
scans was usually 200. 

The percentage distribution of the five species of in- 
ondanie™=pnospnate, i i.e.,7 P'*One vePNtO 1 8Ov, 4 Pi* oO. = *0n 
FeO," °0;,,°P"*O,° Was quantitated by" integrating thes. indr- 
vidual peaks using a standard Nicolet 1180 program. The 
separation between the peaks at 109.29 MHz was 2 Hz 
(0.02 ppm) and all peaks were well resolved. (Sample spectra 
are shown in the following chapter, Figure 12). The error, 
as estimated from the signal to noise ratios in the spectra, 
was less than 3% for measurements of the larger peaks but 
could be as large as 50% for the smaller peaks. This results 
in a maximum error of between 2 and 3% in the measurement of 
the average '*O content of the Pi. 

5. Sources of Chemicals 

ATP was obtained from Terochem (Edmonton, Canada), 
Coenzyme A was from P.L. Biochemicals or Boehringer 
Mannhein, phosphoenolpyruvate, HEPES, and NADH were 
purchased from Sigma, Tris (ultra pure) from Schwarzmann, 
Rydroxylamine= hydrochloride) from: U.T.  Baken ye Hz) fO from 
Mercks Sharp and, Dohme, "D700" from »Blo=Rad=and™ Pel wtrom 
Fisher. Pyruvate kinase and lactate dehydrogenase were 
purchased from Sigma and were Type II from rabbit muscle. 
The pyruvate kinase had a specific activity of approximately 
450 units/mg while the lactate dehydrogenase had 900 


units/mg. Other chemicals were analytical grade. 
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D. Calculations 
1. Specific activity of succiny]-CoA synthetase 

One unit is defined as the amount of enzyme catalyzing 
Ene formation of 1 micromole of product’ in 1 minute at 25°C. 
Specific activity is expressed as units per milligram of 
protein. The activity of the enzyme was calculated from the 
NADH assay by measuring the change in absorbance at 340 nm 
per minute and using a molar extinction coefficient for NADH 
GtrG zeke 810° © 684) “To calculate ithesactivity from the 
Succinohydroxamate assay the duration of the incubation was 
recorded and the amount of product formed during this time 
was estimated using Kaufman's assay (81) and the succino- 
hydroxamate standard curve. In general, the neve 
activities calculated from the two assays were consistent 
except for long incubation times when the NADH assay under- 
estimated the amount of product formed. 
2. The amount of oxygen exchange 

The total gram-atoms of oxygen exchanged between medium 
['*O]Pi and succinate was calculated from the equation used 
by Bi ldvetralrset2 9): 
micromoles of oxygen exchange=[-XY/(X+Y)]ln(1-F) where F=the 
fraction of isotopic equilibrium and X and Y=the amount of 


exchanging components in micromoles. 


Example calculation: 
Reaction volume = 1.5 ml 


Concentration of succinate = 20 mM 
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Concentration of ['*O]Pi= 5 mM 


Original enrichment of ['*O]Pi = 90% 


i) 
Q 


Enrichment of ['*O]Pi after exchange 


74% = y 


Pi contains 4 equivalent oxygens; therefore Pi contributes a 


4 x 5 mM = 20 mM pool of oxygen. 


Succinate contains 4 equivalent oxygens; therefore succinate 


contributes a 4 x 20 mM = 80 mM pool of oxygen. 


AGeeevsOtLOpics. equilibrium » then.) thes, atomiepten One incbie = 


[20/(20+80)]ce = 0.2c = 18% 


Therefore, the fraction of isotopic equilibrium reached in 


thisa,case=. fF) = c-y/c-0.2c.= 90=-74/90-184=4 0.22 


X = micromoles of exchanging oxygen contributed by succinate 


= 80 micromole/ml x 1.5 ml = 120 micromoles 


Y = micromoles of exchanging oxygen contributed by Pi = 20 


micromole/ml x 1.5 ml = 30 micromoles. 
[—=XV7/€52Y) J =. -22. micromoles 
Therefore the micromoles of oxygen exchange 


eo Od nlme One 2) = Deo 


This quantity was then divided by the amount of product 
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formed (as estimated from the succinohydroxamate assay) to 


give the relative amount of oxygen exchange. 


E. Results 
1. Specific activity of the hybrid enzymes 

The extent of inactivation of the hybrid resulting from 
addition of a' to the refolding a,8, enzyme is shown in 
Figure 9. The specific activity was determined using the 
Succinohydroxamate assay and was calculated in terms of the 
amount of a.28, present. Also shown is the theoretical 
activity loss calculated for three model systems. An under- 
Standing of these calculations may be developed by consi- 
geration.of Figure. 10. lt “etsand: “a “refoldewintocethe ual ps 
enzyme molecule at the same rate then the actual composition 
and proportion of molecular species in solution will follow 
a binomial distribution as represented in Figure 10. For 
example, when equal amounts of a and a' are added to the 
refolding solution, one-fourth of the enzyme molecules will 
contain no modified a subunits (E,), one-half will have one 
modified a (E,+ E;), and one-fourth will have both a sub- 
units modified (E,). 

The composite activity of this hybrid enzyme mixture 
will depend on the catalytic roles of the two a subunits in 
the a,f8, tetramer. 

Model 1: If both a subunits are essential for activity, only 
molecules of type E, will be active. Hence, when the ratio 
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——~o Model 2 


~~ ——~v Model 3 


Observed 
: del | 


SPECIFIC ACTIVITY (units / mg Qs, Bo ) 


RATIO Q'/Q IN THE REFOLDED HYBRID 


Fig. 9 - Observed and theoretical specific activities 
of the hybrid enzymes. 


56 


E. E; E, 
Model |: active inactive inactive inactive 
Model 2: active active active inactive 
Model 3: active active % active inactive 
Distribution : a ab ba b- 


where a = the relative amounts of @ and b= the 


the relative amount of a’. 


Figure 10 - Molecular species of hybrid enzyme. 


aé 


oy 


observed. 

Model 2: If one a subunit can substitute for the other, i.e. 
if both subunits must be modified for inactivation to occur, 
Eypes E,, E. and E; will be active and only 25% loss of 
activity will be observed. 

Model 3: If the two a subunits act independently of each 
other during catalysis, then the enzyme molecules containing 
one modified a (E, and E,;) should be one-half as active as 
the unmodified molecule and the loss of activity will be 
50%. 

It can be seen from Figure 9 that the observed loss of 
activity was different from that calculated for any of the 
three model systems. 

2. The oxygen exchange kinetics of the hybrid enzymes 

The effect of increasing the proportion of a' in the 
hybrid enzyme mixture on the relative amount of exchange 
catalyzed by the hybrid preparation is shown in Figure 11. 
Three separate experiments were done using different pre- 
Dearations of a; 6 ‘and a’. The first ofsthese: showed a 
general decrease in the amount of exchange as a' was added 
(this preliminary result was reported in ref. 85), the trend 
in the second experiment was towards an increase in the 
amount of exchange and in the final experiment there was 
initially an increase and then a decrease in the exchange as 
a' was added. In view of the variability of these results, 


it seemed appropriate to estimate the amount of error that 


can be expected in this type of experiment. 
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ATOMS OXYGEN EXCHANGED 
PER MOLECULE PRODUCT 


0 2 De 4 
RATIO Q'/Q IN THE REFOLDED HYBRID 


Figure 11 - Amount of oxygen exchange catalyzed by the 
hybrid enzymes. 
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3. Estimation of error 

Since the relative amount of oxygen exchange is a pre- 
scribed function of a set of measured numbers and their 
errors, the propagation of errors can be estimated according 
to the equations described in ref. (86). This derivation is 


Shown below: 


micromoles of oxygen exchange =[-XY/(X+Y)]Jln(1-F) where 
F=the fraction of isotopic equilibrium and xX and Y=the 
amount of exchanging components in micromoles. 

As shown in the section on calculations, when the reaction 
volume=1.5 ml, the concentration of succinate=20 mM and the 
concentration of Pi=5 mM, the equation reduces to _ the 
following form: 

micromoles of oxygen exchange=[-22]1ln[1-(c-y/c-0.2c)] 

where c=original enrichment of ['*O]Pi and y=enrichment of 


['*O]Pi after exchange. It follows that: 


O = atoms oxygen exchanged = [-22x10*]1in[1-(c-y/c-0.2c)] 
molecule product P 


where P = amount of product formed in nmoles. Using the 


methods in ref. (86) the error in O will be: 
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The maximum error in c and y (Ac and Ay) as estimated from 
the signal to noise ratios in the ?'P NMR spectra is 
approximately 3.0%. The maximum error expected for the 
measurement of P (AP) was estimated from the succinohydrox- 
amate standard curves and iS approximately 2 nmoles of 
product. Using a specific example from the hybrid enzyme 
experiments, the maximum error expected in O can be 
calculated: 

c = 90% 23" 0% 


Bikes, 320% 


K< 
if) 


P = 250 nmoles + 2 nmoles 


QO = (22 x 102)(81) =n {oa 

ac 250)(90)[81 - 0.2(90) ] 

9O = (-22 x 103) | = -1.4 

Oy (250)[81 - 0.2(90)] 

20 = (22 x 103) ln [77-0.2(90)/(0.8)(90)] = -0.07 
QP ( ) 


250%)? 


Therefore O = J(1.3x3.0)? + (-1.4x3.0)? + (-0.07x2.0)? =- 
SeiLe 

This error does not take into account the variations in the 
hybrid enzyme preparations or the reaction mixtures. 
However, it is still large enough to account for most of the 


variability seen in the oxygen exchange data of Figure 11. 
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F. Discussion 

There are several possible explanations for the finding 
that the observed loss of activity due to the addition of a' 
does not coincide with the loss predicted for three models 
of inactivation (Figure 9). First of all, this result may be 
interpreted as being supportive of catalytic cooperativity. 
That is, if the function of one a subunit in the tetramer is 
to make its partner a better catalyst, then the modi- 
fications of that subunit may only partially inactivate its 
partner. This would lead to a more complex pattern of 
inactivation than expected for any of the three models. 

However, there are other rationalizations for the 
observed inactivation. For example, it was assumed that a' 
and a refolded into the fs aeamnet at the same rate. If this 
were not so, then the activation by a' would differ from 
that calculated for the model systems. Also, there have been 
reports in the literature that the NBD modification can be 
transferred from tyrosine to an amino group in lysozyme (87) 
and in the mitochondrial ATPase (88), and in model systems 
transfer from -SH groups to nitrogen has been demonstrated 
(72). These results suggest that, if a suitably orientated 
amino group were present, an intramolecular transfer of the 
NBD modification from -SH groups to basic amino acid 
Side-chains could occur in the refolding succinyl-CoA 
synthetase molecule. If this transfer takes place the 


inactivation would again be expected to be more complex than 


predicted. 
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Within the substantial limits of experimental error, 
the data of Figure 11 suggest that the oxygen exchange per 
ATP cleaved does not change significantly as the proportion 
of a' is increased in the hybrid enzyme preparation. This 
result may be interpreted as being unsupportive of catalytic 
cooperativity (as discussed under the section on experi- 
mental design). The validity of this conclusion was further 
investigated by experiments done to confirm that the 
refolded enzyme (no a' added) catalyzed an increase in the 
relative rate of oxygen exchange as the ATP concentration 
was lowered (i.e. the refolded enzyme should exhibit the 
Same exchange kinetics as native E£. coli  succinyl-CoaA 
Synthetase). It was found that the exchange catalyzed by the 
refolded enzyme remained low and was not only insensitive to 
the presence of a' but also to the concentration of ATP. The 
source of this anomaly was eventually traced to the fact 
that the refolded enzyme was assayed at a much lower protein 
concentration than the native enzyme. It was discovered that 
the exchange catalyzed by the native enzyme was also 
insensitive to ATP when the enzyme was assayed at a 
sufficiently low concentration. This enzyme concentration 
effect is investigated in detail in the next chapter. 

I did not pursue the hybrid enzyme experiments further 
for “Several reasons. First of all, it would’ be technically 
difficult to raise the concentration of the hybrid enzyme to 
the point where the relative amount of oxygen exchange is 


sensitive to ATP (and possibly a'). Secondly, as mentioned 
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above, there exists a possibility that the modification in 
a' transfers between residues in the refolded enzyme. The 
absorbance spectrum of the refolded hybrid enzyme (a':a=1) 
Showed a diminished peak at 420 nm (this peak being 
characteristic of the NBD- SH modification) indicating that 
a transfer may have occurred. If the NBD-residue has moved 
between subunits, then the hybrid enzyme may not be truly 
"one-sited'. Also, as discussed in the next several chap- 
ters, E. coli succinyl-CoA synthetase appears to exist in a 
dimer-tetramer equilibrium. For unequivocal interpretation 
of the oxygen exchange kinetics of the hybrid enzymes, it 


would be necessary to show that the equilibrium was not 


perturbed by the presence of a'. 
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IV. OXYGEN EXCHANGE AS A PROBE FOR CATALYTIC COOPERATIVITY 
IN SUCCINYL-COA SYNTHETASE. PART 2: THE EFFECT OF ENZYME 


CONCENTRATION 


A. Introduction 

The hybrid enzyme experiments described in the 
preceding chapter led to the discovery that the oxygen 
exchange catalyzed by E. co/ji succinyl-CoA synthetase is 
modulated not only by ATP concentration .as_ previously 
reported (29) but also by enzyme concentration. This chapter 
involves a detailed examination of this phenomenon for both 
the —£. coji and pig heart enzyme. 

The dependence of a kinetic parameter (in this case the 
amount of oxygen exchange) on the protein concentration used 
in the experiment may indicate that the enzyme is undergoing 
a self association-dissociation reaction. Previous sedi- 
mentation equilibrium studies on £. coli succinyl-CoA 
Synthetase have shown that there is a marked dependence of 
the molecular weight upon the enzyme concentration (48). At 
high concentrations the enzyme exists predominantly as an 
a,B, tetramer whereas at low concentrations some of the 
enzyme appears to dissociate to an af dimer. This obser- 
vation lends support to the concept that the enzyme concen- 
tration dependence of the oxygen exchange reaction may be a 
manifestation of a dimer-tetramer equilibrium of the enzyme 


in the reaction mixture. 
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However, Bila? -etemal.c® (29)!, “an vconsidering® their 
analysis of the distribution of the five ‘*O-labelled Pi 
species formed during the exchange reaction, argued that 
this kind of enzyme heterogeneity was unlikely, concluding 
that the ‘*O-patterns seen in their experiments were indi- 
cative of catalysis by a single catalytic route. 

This chapter describes application of the same 
theoretical analysis on the observed '*O distributions in Pi 
in order to re-evaluate possible contributions of two 
catalytic routes (one route for the dimer and one for the 
tetramer) under our specific experimental conditions. Such 
analysis of the medium succinate-Pi exchange involves’ the 
estimation of the partition coefficient, Pc. In general, Pc 
represents the probability (0 to 1.0) of an enzyme-bound Pi 
molecule undergoing an oxygen exchange step. For the case of 
Succinyl-CoA synthetase, the exchange and release steps may 
be depicted as 

eet en ; 

ee ae” +) Py 
where EX represents the succinyl phosphate intermediate. The 
partutaonscoefficient wis equal to k.:/(k.7* KaJeand)is) equi- 
valent to the effective likelihood that a bound Pi is tran- 
Siently converted back to bound succinyl phosphate during 
its residence time on the enzyme. If Pc is close to zero | 
(k,;>>k,) then only one oxygen atom could be exchanged per 
encounter of Pi (i.e. the one oxygen atom that is stoichio- 
metrically transferred) and the initially random 


distribution of '%O0 in the Pi population will be maintained 
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during the exchange reaction. If Pe is close to unity 
(k,<k,) then each time Pi binds to the enzyme it will under- 
go many reversals before its release and will exchange all 
four of its '*O oxygens with succinate. This would result in 
the P'*O, species being replaced by the P'*O, species, with 
no accumulation of partially-labelled species. For inter- 
mediate values of Pc the cascade of enriched Pi species is 
more complex but the complete theoretical treatment of this 
Situation has been described by Hackney (89). A copy of his 
computer program for performing these calculations was 
obtained and the latter part of this chapter involves a 
comparison of the observed and predicted distributions of 
enriched Pi species. This analysis was done to test whether 
the exchange process could be adequately described by a 
Single catalytic route with a single value of Pc, or whether 
two Pc's characteristic of the dimer and tetramer were 
evident. The sensitivity and limitations of this approach 


are discussed. 


B. Materials and Methods 

The reaction mixture in which the oxygen exchange was 
carried out in these experiments was essentially the same as 
that described in the preceding chapter. However, the 
aliquot of hybrid enzyme was replaced by an aliquot of 
native £., Colki ors pig heart. succinyl-=CoA (synthetase and ATP 
was replaced by GTP in the pig heart enzyme experiments. The 


enzyme and nucleotide concentrations were varied as 
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described in the text. Other procedures were the same as in 
the preceding chapter; i.e., the progress of the reaction 
was monitored using the NADH assay, the amount of product 
succinohydroxamate was estimated as its Fe** complex and the 
'*O distribution in the Pi was analyzed using *'P-NMR. 
Sample spectra are shown in Figure 12. In this particular 
experiment, the amount of exchange was varied by changing 
the concentration of £. colji succinyl-CoA synthetase used in 
the reaction mixture. However, as will be shown below, the 
Same set of spectra can be obtained by varying the pig heart 
enzyme concentration, by changing the incubation period, or 


by varying the concentration of nucleotide present. 


C. Results 
1. Effect of E.. coli succinyl-CoA synthetase concentration 
on the oxygen exchange pattern 

When Bild et al]. (29) measured the effect of ATP on the 
relative extent of oxygen exchange, the ‘*O loss per ATP 
cleaved increased approximately 8-fold as ATP was lowered 
from 150 UM to 3.6 UM (Table 1 in their paper). Figure 13 
shows that a similar pattern was obtained when I repeated 
the experiment using the same concentration of E. coli 
enzyneurine Ehe- “reaction mixture (0.40 UM ~ors50guq/mi)r 
However, when the enzyme concentration was lowered to 8.5 
ug/ml the ATP effect was reduced. There was almost no modu- 


lation of exchange by ATP when the enzyme concentration was 


as low as 4.3 ug/ml. 
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MEASUREMENT OF OXYGEN EXCHANGE USING *'P NMR 


Fig. 12 - Sample spectra of exchanged phosphate. A (97% 
eC) mthetorig inal @sO-enrichediphosphatessampre eB (61.0% 
(20) ACP (70.9% 81 *O ye anduD! (81 41%) * 20) ethesphosphatenafter, 


being exchanged in the presence of 37, 12 and 3.5 ug/ml of 
E. coli succinyl-CoA synthetase. The ATP concentration in 


the reaction mixtures was 5 UM. 
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2. Effect of E. coli succiny]-CoA synthetase concentration 
on the oxygen exchange at a fixed ATP concentration 

The results of the previous section show that the maxi- 
mum enzyme concentration effect can be observed when the ATP 
concentration is low. This effect was investigated in more 
detail by varying the concentration of E. coli succinyl-CoA 
synthetase in the reaction mixture from 86 ug/ml to 3 ug/ml 
while keeping the ATP concentration constant at 5 UM (Figure 
14). It can be seen that the '‘'*O loss per ATP cleaved 
decreases linearly (within experimental error) as the enzyme 
concentration is lowered. 
3. Effect of pig heart succiny]-CoA synthetase concentration 
on the oxygen exchange pattern 

Under the conditions used by Bild et a]. (29) GTP did 
not modulate the amount of oxygen exchange catalyzed by pig 
heart succinyl-CoA synthetase. This experimental finding was 
in contrast to the result they obtained for the £. coli 
enzyme and, since the pig heart enzyme was considered to be 
an af dimer, was central to. their = proposal that 7the 
tetrameric E. coji enzyme exhibits catalytic cooperativity. 
However the results presented in Figure 13 show that, when 
the E. co]i enzyme concentration is low enough, its oxygen 
exchange pattern resembles that of the pig heart enzyme; 
i.e. exchange is insensitive to nucleotide concentration. It 
seemed logical to test whether the pig heart enzyme would 
catalyze a nucleotide-sensitive exchange pattern when its 


concentration waS increased. The results are shown in 
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Fig. 14 - Effect of E. coli succinyl-CoA synthetase 


described in the text. 
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Figure 15. It can be seen that in our hands also the pig 
heart enzyme does catalyze a nucleotide insensitive pattern 
when) i1ts Concentration 1s, close.tosthat usedaby Bild et al. 
(0.40 UM or 30 ug/ml). However, when the enzyme concen- 
tration is increased 10-fold the exchange becomes sensitive 
to nucleotide. Therefore, not only can the £. coli enzyme be 
made to catalyze an exchange pattern that has been thought 
to be characteristic of the pig heart enzyme, but one pig 
heart enzyme can also be induced to catalyze an oxygen 
exchange pattern that is modulated by GTP. 
4. Effect of pig heart succinyl]-CoA synthetase concentration 
on the oxygen exchange at a fixed GIP concentration 

An experiment analogous to that described above for the 
E. coli enzyme (Section 2) was carried out on the pig heart 
enzyme. Specifically, the pig heart enzyme concentration was 
varied from 10 ug/ml to 386 ug/ml while keeping the GTP 
concentration constant at 2.5 UM (Figure 16). As was the 
case with the E. coli enzyme, the '*0 loss per ATP cleaved 
decreases linearly as the concentration of succinyl-CoA 
Synthetase is lowered. 
5. The Partition Coefficient 

The evaluation of the partition coefficient (Pc) of 
bound Pi during succinyl-CoA synthetase catalyzed medium 
Pi-succinate exchange is reported here. The ratio, R,, of 
the rate of loss of the P''O, species to the rate of loss of 
the average '*O enrichment can be used for quantitative 


evaluation of Pc. R, can be related to Pc by 
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Fig. 15 - Effect GE GIP concentration on the relative 
amount of oxygen exchange at three different pig heart 


Succinyl-CoA synthetase concentrations. Reaction conditions 
are as shown (scS=succinyl-CoA Synthetase). 
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CONCENTRATION OF PIG HEART 
SUCCINYL - CoA SYNTHETASE (119/ ml) 


Fidene)o ia Effect of pig heart succinyl-CoA synthetase 


. —_——_ ae ° 
concentration on the relative amount of oxygen exchange at 2 
“on conditions are as 


—— 


GTP concentration of 2.5 UM React 
described in the text. 


182) 


Pc = 4-R,/3 (90) 

Figure 17 shows the results of an experiment where the E. 
coli enzyme was allowed to catalyze exchange for increasing 
time periods before being quenched. It can be seen that the 
loss of the average '*O enrichment and of the P'*0O, species 
occurs in a first order process. The ratio of the slope of 
the two lines (R,) was calculated to be 3.26, which corres- 
ponds to a Pc value of 0.25. This agrees fairly well with 
Ehemeneported. range of 0°to 0.2 for the: Pc: ofthe ssucciny !— 
CoA synthetase exchange reaction (29). This same calculation 
was done for all the experimental points shown in Figures 
13, 14, 15 and 16. (The rates of loss were estimated in 
these cases from only the initial and final '*O distri- 
butions). The calculated Pc value remained relatively con- 
stant under all the experimental conditions examined and was 
consistently between 0.2 and 0.4 for both the pig heart and 
E. coli enzyme. The average of all the determinations was 
0.33. It is apparent that Pc is not modulated by changes in 
either the enzyme or nucleotide concentration used in the 
reaction mixture. 

The above procedure yields an evaluation of Pc but it 
provides no means of establishing whether the exchange 
reaction involves a single catalytic route or whether it 
must be characterized by two or more routes with different 
values for Pc. The critical test for this involves a 
comparison of the predicted distribution of all five Pi 


species with the observed distribution. Theoretical 
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© Average '°O enrichment 
4 p'8Q, species 


Log (PERCENT OF TOTAL ) 


fe) fe) 20 30 
TIME (minutes ) 


Fig. 17 - Time course for loss of average 1*O 
enrichment and P'*O, species during medium Pi-succinate 
exchange. In these reaction mixtures the concentration of E. 
Coli succinyl-CoA synthetase was 44 ug/ml and the 


concentration of ATP was 3 UM. 
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distributions resulting from medium or intermediate Pi-HOH 
oxygen exchange have been calculated on the basis of proba- 
bility considerations (89). A copy of the Fortran computer 
program (see Appendix 1) for medium Pi-HOH exchange was 
kindly supplied by Dr. Hackney and was applied to the medium 
Pi-succinate exchange catalyzed by succinyl-CoA synthetase. 
The only conceivable problem in using this program, which 
was designed to calculate the Pi distribution for medium 
Pi-HOH exchange and not Pi-succinate exchange, results from 
the oxygen pool of succinate being much smaller than the 
pool from water. Accordingly, a succinate molecule that has 
already been involved in the exchange reaction and contains 
"QO has a finite probability of reassociation with the 
enzyme and undergoing exchange a second time. This would 
result in the enriched Pi species having a distribution 
different from that predicted by this program. However, 
Figure 17 shows that the exchange catalyzed by succinyl-CoA 
Synthetase proceeds asa first order process. It therefore 
appears that the rebinding of exchanged succinate does not 
become a significant factor in these experiments. It should 
also be noted that this program is identical to the one used 
Byer silo- -eb wallet .(29)'* stor analysis of wmedium*-eei=succinate 
exchange. (P.D. Boyer, personal communication). 

The, distributions’ of enriched Pi" species) observed 
during numerous £&. co/i and pig heart succinyl-CoA synthe- 
tase catalyzed exchanges are given in Figures 18 and 19, 


respectively. These profiles were produced during the 
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Esl Gees! Ole Distribution of '8Q-labelled Pi species 
during BE. coli succiny1l-CoA synthetase catalyzed medium 
Pi-succinate exchange. The reaction mixtures generating the 
profiles on the left contained 5l ug/ml enzyme and varying 
concentrations of ATP as shown. The profiles on the right 
were catalyzed in reaction mixtures containing 5 UM ATP and 
varying amounts of enzyme as shown. In all cases, the amount 
of product formed was between 225 to 325 nmoles. 

observed; theoretical for Pe StmOnose 
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Fig. 19 - Distribution of '8Q-labelled Pi species 
during pig heart succinyl~CoA synthetase catalyzed medium 
Pi-succinate exchange.. The reaction mixtures producing the 
profiles on the left contained 386 ug/ml enzyme and varying 
concentrations of GTP as shown. The profiles on the right 
were generated in mixtures containing 2.5 UM GTP and varying 
amounts of enzyme as shown. In all cases, the amount of 
product formed was between 170 to 270 nmoles. (J observed; 


theoretical for Pe of 0.33. 
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exchange experiments previously described in Figures 13 and 
ie tor’ the E. co]j enzyme, and 15 and 16 for the pig heart 
enzyme. The distributions on the left side of Figure 18 
correspond to the reactions of Figure 13 in which the ATP 
concentration was varied while the —&. coJi enzyme concen- 
tration was held constant at 51 ug/ml (the profiles found 
when the ATP concentration was varied at the two lower 
enzyme concentrations are not shown, Since neither the rela- 
tive amount of exchange nor the distribution of Pi species 
were much different). The right half of Figure 18 shows 
profiles generated under the conditions described in Figure 
14, i.e. 5 UM ATP and varying amounts of £. coli succinyl- 
CoA synthetase. Figure 19 gives the Pi distributions cata- 
lyzed during the analogous set of pig heart enzyme experi- 
ments, i.e. the exchange reactions of Figures 15 and 16. 
Also included in Figures 18 and 19 are the theoretical 
distributions computed for an exchange process with a Pc of 
0.33. Good agreement is observed between the experimental 
anaw "tneoreticals=protiles tor’ all =i sotepics. Py Species 
throughout the entire range of exchange conditions. (The 
observed amount of the Pi species containing no '*O is often 
Greater “than “predicted but this vs?likely duemtoy contami= 
nation by unlabelled Pi). These results indicate that the 
exchange catalyzed by#> SUCCINYL=COAm synthetase can pe 
adequately described by a single process with an unique Pc 
value and give no evidence for the presence of both dimeric 


and tetrameric species with altered microscopic rate 
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constants characterizing significantly different routes of 


Catalysis. 


D. Discussion 

The experimental results of Figures 13, 14, 15 and 16 
demonstrate clearly that the relative amount of oxygen 
exchange catalyzed by succinyl-CoA synthetase and the 
nucleotide sensitivity of that exchange are modulated by the 
concentration of enzyme used in the reaction mixture. Both 
the E£—. cojJi and pig heart enzyme catalyze a nucleotide- 
sensitive or 'cooperative' exchange reaction when assayed at 
a sufficiently high concentration. The protein concentration 
range in which the two enzymes produce the cooperative 
exchange pattern is, however, very different: 50 ug/ml for 
the E. coli enzyme compared to approximately 400 ug/ml _ for 
the pig heart species. Bild et a]. (29) have attributed the 
"cooperative' exchange pattern (the increased amount of 
exchange at low nucleotide concentrations) to catalytic 
cooperativity, i.e. the interaction of nucleotide at one 
catalytic site influencing the exchange steps at the other 
catalytic site. They eliminated enzyme hysteresis or hetero- 
geneity as an explanation for the nucleotide sensitive 
exchange by means of an analysis of the distribution of **O- 
labelled Pi species produced during exchange. When the same 
analysis was done on the’ experiments presented in this 
chapter, it once again indicated that the exchange reaction 


could be adequately described by a single catalytic route. 
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However, the striking behavior described here, that is the 
dependence of ae kinetic feature (the cooperativity of the 
exchange reaction) on the protein concentration used in the 
experimental study, is often indicative of a system having a 
protomer-oligomer equilibrium. These kinetic results, in 
combination with the previously reported concentration 
dependence of the molecular weight of —£. colJi  succinyl-CoaA 
Synthetase (48), give substantial support to the concept 
that succinyl-CoA synthetase may exist in a dimer-tetramer 
equilibrium. Perhaps the theoretical analysis of the distri- 
butions of enriched Pi species is not a sufficiently sensi- 
tive probe for the detection of multiple catalytic routes, 
especially ones catalyzed by a dimer and tetramer in equili- 
brium. 

This approach for assessment of the nature of catalytic 
events giving rise to substrate modulation of oxygen 
exchange has previously been applied successfully to oxi- 
dative phosphorylation (27) and photophosphorylation (90) 
with demonstration of a single catalytic pathway. It has 
also been used to demonstrate the presence of mixed pathways 
for myosin and actomyosin (91,92,93,94). However, as pointed 
out by Hackney (89), these were the more favourable cases 
for the distinction between homogeneous and heterogeneous 
catalytic routes. He demonstrated that the theoretical 
distribution of '*O-species produced during medium Pi-HOH 
(and medium Pi-succinate) exchange has a shallow dependence 


on Pc in the lower range of Pc values. For example, a Pc 
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Vavue SORS0Rs wouldebesdiffticult to sdistinguish ‘from, 022. 
Accordingly, a mixed pathway involving two low Pc values 
would probably be indistinguishable from a homogeneous path- 
way characterized by one low Pc. Therefore succinyl-CoA 
synthetase may actually possess a dimer-tetramer 
equilibrium, but the presence of these two species during 
exchange would be impossible to detect using the analysis of 
'8O0-Pi distributions if both Pe values were relatively low. 
A reasonable model not involving catalytic coopera- 
tivity may be offered as an explanation of the oxygen 
exchange results presented in this chapter. The dimeric and 
tetrameric forms of succinyl-CoA synthetase are present with 
Significantly different Km values for ATP but identical or 
Similar Pe values. The dimer has a high Km and catalyzes 
little medium Pi-succinate exchange. This form would be 
responsible for most of the reaction at both high and low 
ATP concentrations when the enzyme is diluted. However, as 
the ATP concentration is lowered and/or the protein 
concentration is raised a larger portion of the reaction is 
catalyzed by the tetramer which has a low Km and catalyzes 
extensive exchange. The Pc value would remain constant even 
while the flux of the reaction changes from one form to the 
other. Whether or not the dimer-tetramer equilibrium is 
pre-existing or is induced by substrates is not known but is 
unimportant in this discussion. Previous studies have shown 
that the equilibrium favours the tetramer for the E. coli 


enzyme (48) and lies far towards the dimer for pig heart 
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Succinyl-CoA synthetase (49). It is predictable then, that 
extensive exchange is catalyzed by the two enzymes at very 
different protein concentrations. The pig heart enzyme must 
have a higher concentration before the tetrameric form of 
the fenzyme **can «catalyzey 1a significant.) portiomer ofiarthe 
reaction. Initial rate kinetics which support this model are 


presented in the next chapter. 
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V. KINETIC STUDIES ON THE DIMER-TETRAMER EQUILIBRIUM OF 


SUCCINYL-COA SYNTHETASE 


A. Introduction 

If the state of aggregation or association of an enzyme 
affects its kinetic behaviour, then the enzymatic activity 
per se may be used aS a probe of protein-protein 
interactions. In the preceding chapter a model involving 
self-association was developed for succinyl-CoA synthetase 
on the basis of oxygen exchange kinetics. It was proposed 
that both the —. co/]i and pig heart enzymes exist in dimer- 
tetramer equilibria and that the dimer has a higher Km _ for 
ATP or GTP than the tetramer. If this hypothesis is true, 
then initial velocity studies should provide further support 
for the concept. Studies on the effect of protein concen- 
tration on the» Km” for ATP together’ “with® other ~ initial 
velocity studies that yield information pertinent to the 
proposed dimer-tetramer equilibrium are presented in this 


chapter. 


_B. Materials and Methods 
1. Effect of E. coli succinyl]-CoA synthetase concentration 
on its Km for ATP 

The enzyme was assayed under the same conditions used 
in the oxygen exchange reactions of the preceding chapter. 
The velocity was measured by following the decrease in 


absorbance at 340 mm accompanying the oxidation of NADH. 
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This assay is more reliable for initial rate measurements 
than is the estimation of the Fe** complex of succinohydrox- 
amate. The two assays, however, consi‘ t:ntly showed the same 
general trends. 
2. Effect of KCI] on the rate of the E. coli  succinyl-CoA 
synthetase reaction 

ine thesevexpePaments the reaction velocity was assayed 
by a modification of the direct spectrophotometric method 
(68) which is based on the increase in absorbance at 232 nm 
accompanying thioester formation. The exact conditions used 
were as follows: the mixture contained, at pH 7.2, 60 mM 
Hepes-NaOH, 10 mM MgCl., 20 mM disodium succinate, 0.20 mM 
CoA, 150 uM ATP, 5-50 ug/ml £. coli succinyl-CoA synthetase 
and 5-500 mM KCl. Reactions were run at 25°C in a total 
volume of 1.0 ml. 
3. Activity of refolded E. coli succinyl-CoA synthetase in 
the presence of NEM-modif ied B 

These hybrid enzymes were prepared using the same 
techniques described in Chapter 3 for the preparation of the 
NBD-Cl-modified hybrid enzymes, the only difference being 
that varying amounts of NEM-modified B instead of 
NBD-Cl-modified a were added to the refolding enzyme. 
Aliquots of the hybrid enzyme mixtures were assayed using 
the direct spectrophotometric method (68). NEM was purchased 
from Sigma Chemical Company. (These hybrid enzyme experi- 


ments were carried out by Edward R. Brownie.) 
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C. Results 
1. Effect of E. coli succinyl-CoA synthetase concentration 
on its Km for ATP 

Figure 20 (v versus [S]) and Figure 21 (1l/v versus 
1/{[S]) show the kinetic behaviour of E. coli succinyl-CoA 
Synthetase as a function of the concentration of enzyme used 
in the assay. The kinetic parameters were calculated from 
Figure 21 (the Lineweaver-Burk plot). It can be seen that, 
as postulated, the apparent Km for ATP increases upon enzyme 
dilution, i.e. the Km is 38 UM when the enzyme is assayed at 
53 ug/ml and 200 UM when the enzyme concentration is 
4.4 ug/ml. Furthermore, these experiments revealed an 
additional unexpected effect of enzyme concentration: Vmax 
(expressed as specific activity) increases 6-fold as _ the 
enzyme concentration is lowered from 53 to 4.4 ug/ml. These 
results suggest that the dimer not only has a higher Km for 
ATP, but also has a higher turnover number at saturating 
concentrations of ATP. This same trend (i.e. an increase in 
specific activity upon enzyme dilution) was observed in the 
few kinetic experiments that were done on the pig heart 
enzyme (data not shown). It should also be noted that the 
double-reciprocal plot for the E. co/ji enzyme is linear when 
the enzyme concentration is high but exhibits positive 


cooperativity when the concentration of enzyme is reduced. 
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\ versus [s] 
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Fig. 20 - Effect of E. coli succinyl-CoA synthetase 


concentration on its kinetic parameters: the 
Michaelis-Menten plot Reaction conditions are as described 


in the text. SCS=succinyl-CoA synthetase. 
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Lineweaver-Burke Plot \/% versus |/ Cs] 


assayed at 44nuq/ mi E.Coli SCS 
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joes es Les Effect of B- coli succinyl-CoA synthetase 
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poncentrarlon Or its kinetic parameters: the 
Lineweaver—Burke plot. Reaction conditions are aS described 


Lineweave = _---~~. 


in the text. ScCS=succinyl-CoA synthetase. 
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2. Effect of KCI] on the rate of the E. coli succinyl-CoA 
synthetase reaction 

There is no previous reference in the literature to an 
enzyme concentration effect on the kinetics of E. coli 
Succinyl-CoA synthetase. This oversight may be traced to the 
fact that most kinetic investigations of this enzyme have 
made use of the direct spectrophotometric assay. The medium 
used for this assay contains a much lower concentration of 
KCl than that for the coupled assay based upon NADH oxi- 
dation which was used in both the oxygen exchange experi- 
ments and the kinetic experiments described above. The high 
salt concentration in the coupled assay is present because 
of the need to neutralize the high concentration (0.48 M) of 
hydroxylamine hydrochloride? with KOH. s7Accordingtly ithe 
concentration of KCl in the NADH asSay iS approximately 
0.5 M higher than in the direct assay. It is well known that 
neutral salts may have profound effects on the confor- 
mational stability of proteins, in some cases inducing dis- 
sociation (95, 96). It is possible, then, that the E&. coli 
enzyme remains for the most part associated as a tetramer in 
the direct assay whereas in the NADH assay the extra salt 
may shift the equilibrium towards the dimer, allowing its 
infiluencesto. ber felts on) the kinetics) [rm tsuccinyl=eoA 
synthetase is dissociated to dimers by salt, and if the 
dimersedo ‘have.a ‘higher “specific “activity “at "saturating 
concentrations of ATP, then the Addition sor KEL torthe 


direct assay should result in an increase in activity. Also, 
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the extent of activation should depend on the enzyme concen- 
tration used in the assay. 

The results shown in Figure 22 are consistent with 
these proposals. It can be seen that KCl first activates and 
then inhibits £—. coli succinyl-CoA synthetase, and that the 
activation is greater (123% of the original activity at 
50 mM KCl) when the enzyme concentration is 5.0 ug/ml than 
when the concentration is increased to 50. 0suayml (106% of 
the original activity at 50 mM KCl). ? 

3. Activity of refolded E. coli succinyl-CoA synthetase in 
the presence of NEM-modif ied B . 

The results of a hybrid enzyme experiment done several 
years ago in our laboratory remained enigmatic until the 
time when the kinetic experiments led to the dimer-tetramer 
hypothesis. These data are presented in Figure 23. The 
addition of increasing amounts of NEM-modified B to the 
refolding enzyme results in an initial activation (which 
peaks at a modified/native B subunit ratio of approximately 


2.3) followed by inactivation of the enzyme. As discussed 


2This activation, however, is much less than that observed 
in the coupled assay based on NADH oxidation, i.e. Figure 20 
shows a 6-fold increase in Vmax as the enzyme concentration 
is lowered from 53 to 4.4 ug/ml. Since this discrepancy may 
have been due to the added presence of hydroxylamine in the 
coupled assay, further experiments have been carried Outato 
investigate this possibility using an assay which measures 
the release of ??P from [y-??P]JATP (Wolodko, W.T. - 
unpublished). The results of these studies indicate that the 
presence of hydroxylamine cannot account for the large 
activations seen in Figure 20. The only remaining difference 
between the two assay conditions is the presence of Pi and 
its effect on the kinetics of succinyl-CoA synthetase is 
currently under investigation. 
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concentrations. The enzyme activity was measured using the 
direct assay as described in the text. SCS=succinyl-CoA 


synthetase. 
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On 


0 2 4 6 8 
RATIO NEM-8/8 IN THE REFOLDED HYBRID 


Fig. 23 - The activity of refolded E. coli succinyl-CoA 


synthetase in the presence of increasing amounts of NEM 
modified B. The refolding and assay conditions are as 


described under Materials and Methods. 
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below, this phenomenon can be readily explained through a 
consideration of the proposed dimer-tetramer equilibrium for 


E. coli succinyl-CoA synthetase. 


D. Discussion 

In the preceding chapter a model was developed to 
explain the oxygen exchange kinetics catalyzed by succinyl- 
CoA synthetase. It was proposed that both the pig heart and 
E. coli enzyme are in dimer-tetramer equilibria in the assay 
and that the dimer has a higher Km for ATP. The initial 
velocity studies shown in Figures 20 and 21 of this chapter 
Support this hypothesis since the Km for ATP increases as 
the E. coli enzyme concentration is lowered (i.e. as_ the 
equilibrium is shifted more towards the dimer). 

The observed increase in Vmax at the lower enzyme 
concentration was unexpected. It has been shown that the 
tetrameric |'E..’ coll enzyme exhibits half-of-the-sites 
reactivity (or at least strong negative cooperativity) with 
respect to phosphorylation (44,18). If the tetramer main- 
tains this half-site reactivity during catalysis then the 
number of available active sites would be expected to double 
upon dissociation of the enzyme into two independent dimers 
(each containing an active site). It follows that Vmax (in 
terms of units/mg enzyme) would double, assuming that the 
catalytic activities of active sites ine= «thes Giner » and 
tetramer are equivalent. According to Bild's theory on 


catalytic cooperativity (29), the interaction of ATP with 
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one catalytic site in the tetramer may increase flux through 
rate-limiting steps at the other site, resulting in improved 
catalytic efficiency. If this theory were correct, then Vmax 
might increase upon enzyme dissociation but it would not be 
expected to reach twice the value found for the associated 
enzyme. In other words, the sum of the activity catalyzed by 
the two independent sites in the dimers would be less_ than 
twice the activity catalyzed by the one more efficient site 
in the tetramer. However, it was found (Figures 20 and 21) 
that as the enzyme is diluted oem 53 ug/ml to 4.4 ug/ml the 
value for Vmax increases 6-fold. (It might have increased 
even further if a lower enzyme concentration had been 
tested.) Therefore, the active site in the dimer seems to be 
more efficient than the one in the tetramer, at least under 
the conditions of this assay. Although these results do not 
exclude the possibility of communication between active 
sites in the tetramer, they indicate that these subunit 
interactions do not result in a catalytic site that is more 
efficient than the independent site in the dimer. In _ fact, 
an obvious interpretation is that the active site in the 
tetramer is in a constrained or inhibited conformation 
relative to the site free from subunit interactions. Upon 
reconsideration of the model proposed in the last chapter, 
it is not surprising that the active site is more efficient 
in the dimer. It was postulated that the tetrameric form of 
Succinyl-CoA synthetase not only has a lower Km for ATP but 


also catalyzes the reaction with extensive oxygen exchange 
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as compared to the dimer. If the exchange step that is 
affected by the association state is rate-limiting, then 
improved catalytic efficiency would result. 

The oxygen exchange kinetics catalyzed by succinyl-CoA 
Synthetase remain compatible with the dimer-tetramer model, 
even though Vmax, as well as Km, change with the association 
State of ‘the ‘enzyme. © The ‘important “point ='rs fthat © the 
tetramer (which is postulated to catalyze extensive 
exchange) must be responsible for a Significant portion of 
the reaction at low ATP concentrations. Figure 20 shows 
that, even though Vmax is much higher when the enzyme is 
diluted, at low ATP concentrations more of the reaction 
would be catalyzed by the form predominant at high enzyme 
concentration (the tetramer) than by the form produced upon 
dilution (the dimer). 

The cooperativity of the double reciprocal plot (Figure 
21) at the lower E. coli enzyme concentration is most likely 
due to the presence of both dimer and tetramer in 
equilibrium. When the higher enzyme concentration is_ used, 
the proportion of dimer may be so low as to be undetectable 
in the kinetics, giving rise to the linear plot. In order to 
produce cooperative kinetics, the dimer-tetramer equilibrium 
must either be slower than the maximum velocity of the 
reaction (hysteretic cooperativity) or if the equilibrium is 
rapid it must be shifted by the presence Of AVATPey Gohis, 6rs 
analogous to the shift in equililbrium envisioned in the 


Soncdertedumodel woficooperativity (12) ) pit isainot™ possible 
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to distinguish between these two possibilities at this 
points 

The initial velocity studies done on the pig heart 
enzyme were not as detailed as those on the E£. coli enzyme. 
However, they were sufficient to establish that Vmax 
increased upon enzyme dilution (insufficient data were 
obtained for wecdcate estimation of Km). This result is 
encouraging in that it Suggests that the pig heart enzyme 
also is subject to a dimer-tetramer equilibrium (as postu- 
lated in the preceding chapter) with the dimer being more 
active. 

Figure 22 shows that 50 mM KCl activates the E. coli 
enzyme in the direct assay. This result, together with the 
knowledge that the dimer is more active, raises the 
possibililty that KCl activation may be attributable to 
promotion” of ‘dissociation of the enzyme. “The fact’ that "the 
Magnitude Of activation by KCI) is) “less™ atm highers enzyme 
concentrations supports this conclusion (i.e., higher enzyme 
concentrations and salt would shift the equilibrium in 
opposite directions). The activating effect of 50 mM KCl on 
Succinyl-CoA synthetase from soybean and tobacco has_ been 
reported previously (97,98) but no explanation was offered 
for the effect. It is possible that dissociation is also 
responsible for these activations. 

The increase in specific activity (units/mg a,8,) 
observed in the hybrid enzyme experiment of Figure 23 may 


also be due to a dissociating effect. The modified subunit 
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which was added in increasing amounts to the refolding E. 
coli enzyme had been exposed to the sulfhydryl reagent, NEM. 
There have been several reports in the literature that sulf- 
hydryl modifications by mercurials can induce dissociation 
Ofethne: 4E. coli, .senzymeun(46,77799) « > “Le is-anshattractive 
possibility then that the activation is attributable to the 
modified subunit refolding into the tetramer with the 
equilibrium displaced towards the dimer, i.e. a,fB'——>aB + 
Biss The presence of significant amounts of dimer would lead 
to the initial activation. Decreased specific activity at 
higher proportions of £' is of course expected because of 
the increasing proportions of modified, inactive dimer. 

The initial velocity studies presented in this chapter 
are consistent with the dimer-tetramer model as an expla- 
nation for the oxygen exchange kinetics of succinyl-CoA 
Synthetase. However, the interpretation of these kinetic 
measurements would be strengthened by independent studies of 
protein-protein interactions using physical techniques. 
These experiments were carried out with the aim of 
evaluating the dimer-tetramer equilibrium under different 


conditions and are presented in the next chapter. 


2Treatment with NEM, however, does not cause sufficient 
dissociation to result in a significant change in the 
sedimentation coefficient of the modified enzyme (Bridger, 
W.A. - unpublished observation.) 
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VI. PHYSICAL STUDIES ON THE DIMER-TETRAMER EQUILIBRIUM OF 


SUCCINYL-CoA SYNTHETASE 


A. Introduction 

A dimer-tetramer equilibrium LOE succinyl-CoA 
Synthetase has been proposed in the preceding chapters 
solely on the basis of enzyme kinetics (oxygen exchange and 
initial velocity studies). Physical studies are presented in 
this chapter which complement the kinetic experiments. The 
equilibrium was examined using both mass migration methods 
(gel chromatography and sedimentation velocity) and an 
equilibrium method (sedimentation equilibrium). These 
Studies concentrated mainly on the E. coli enzyme. The mole- 
cular weight of the enzyme was determined by means of gel 
filtration under conditions where active catalysis was 
occurring. The effects of individual components of the 
reaction mixture on the equilibrium were studied using all 


three techniques. 


B. Materials and Methods 


1. Gel filtration 
A column of Sephacryl S-200 superfine (1.5 cm x 90 cm) 


was calibrated with the following molecular weight 
Standards: ribonuclease A (M.W. 13,700), chymotrypsinogen A 
(Maw us25) 000) lovalbumin §(MlW. 45,000) “and pig heart 
Succinyl-CoA synthetase (M.W. 77,000). The void volume was 


determined using ATP-citrate lyase (M.W.=440,000). The 
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equilibrating and eluting buffer was 60 mM HEPES, 
LO pmMIMGCIe @atepHs7 i20.'Thercolumntwas) sun, pat) 25°Co iwithiaa 
flow rate of 0.4 ml/min and 1 ml fractions were collected. 
The molecular weight of E. co/ji succinyl-CoA synthetase was 
examined with the following additions made to the buffer: 
Buffer A - no additions 
Buffer B - 150 UM ATP 
Buffer C - 400 uM ATP, 10 mM _ succinate, 100 UM CoA and 
100 uM DTT (i.e. all substrates at concentrations above 
their respective Km values). 
Buffer D - 150 UM ATP, 20 mM succinate, 200 UM CoA, 5 mM Pi, 
1.0 mM phosphoenolpyruvate, 480 mM hydroxylamine hydro- 
chloride, 400 UM NADH, pyruvate kinase (40 units/ml), 
lactate dehydrogenase (110 units/ml). (i.e. the reaction 
mixture in which oxygen exchange was measured). 
Buffer E- the same as D but 2.5 uM ATP instead of 
150, UM<ATP. 
The E, coli enzyme was applied to the column at aé_é concen- 
tration of 100 ug/ml (total volume=1 ml) except for Buffer D 
and E where it was also loaded at 10 ug/ml. The enzyme was 
detected as it emerged from the column by taking an aliquot 
of each fraction and assaying for activity in the direct 
assay (68). 

Sephacryl S-200, ribonuclease A, chymotrypsinogen A and 
ovalbumin were purchased from Pharmacia Fine Chemicals. Rat 
liver ATP-Citrate lyase was purified by Mary Packer 


according to the procedure of Linn and Srere (10.09% 
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2. Sedimentation Velocity 

The sedimentation coefficient of E. colJi  succinyl-CoA 
Synthetase was determined at three enzyme concentrations 
(0.2, 0.4 or 0.6 mg/ml), all three concentrations being 
examined in the presence of either low salt, high salt or 
low salt plus Pi. The buffer used was 60 mM HEPES, 
10 mM MgCle" 0). mM EDTA, “pH “7-2 containing erther 
Orie orto KC) 10.50) MUKCl sor?’ 0.05: Ms Kel) plush SacmM) Pic) The 
sedimentation velocity determinations were carried out at 
20-6 )-and»,60,000 rpm in an analytical ultracentrifuge 
equipped with a photoelectric scanner. The enzyme samples at 
the appropriate concentration were loaded (using plastic 
tipped pipettes) into double sector cells along with the 
corresponding buffer. The cells were scanned (235 nm) at 8 
minute intervals for approximately 80 minutes. Sedimentation 
coefficients were determined from the rate of movement of 
the inflection point of the boundary. Representative 
tracings are shown in Figure 24. The slopes of the log y 
versus time plots were determined by linear regression 
analysis using the Texas Instruments SR-51 calculator. Sop<;, 
and Siro. Wd were calculated according to the equations 
described in reference (101). A partial specific volume of 
0.74 cm*/g was used for the E. coli enzyme (48). 

The enzyme was prepared for the sedimentation velocity 
experiments by first phosphorylating it in the presence of 
400 UM ATP (incubated for 15 minutes at 25°C) followed by 


exhaustive dialysis against buffer (60 mM HEPES, pH 7.2) 
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Fig. 24 - Densitometer tracings of absorption patterns 


observed during the sedimentation of E. coli succinyl-CoA 
synthetase. The tracings represent the optical density at 
235 nmin the cell as a function of distance. The enzyme was 
loaded at a concentration of 0.2 mg/ml and was sedimented in 
a buffer containing 60 mM HEPES, 10 mM MaqCl.7, .0 slo mMEEDTAG 


0.5 M KCl. The cells were scanned at 8 minute intervals. 
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containing Dowex Chelex 100 resin to remove heavy metal 
contaminants. The enzyme was then diluted into and dialyzed 
against the appropriate buffer solution (i.e. low salt, high 
Salt, or low salt plus Pi). 

3. Sedimentation Equilibrium 

The molecular weight determinations were performed by 
conventional low-speed sedimentation equilibrium methods. 
The runs were monitored at 280 nm using the photoelectric 
Scanner. The enzyme was loaded into double sector cells 
(using plastic tipped pipettes) at concentrations between 
0.2 and 0.3 mg/ml; the experiments were performed at _ rotor 
Speeds between 9,000 and 15,000 rpm and at a temperature of 
20°C. The data were analyzed using an APL program written 
for the Amdahl Computer which calculates apparent weight- 
average molecular weight as a function of concentration from 
the observed dependence of I1n (concentration) on r?. The 
partial specific volume of 0.74 cm*/g was used (48). 

The enzyme was prepared for these sedimentation 
equilibrium experiments in the same way as for the 
sedimentation velocity experiments. The same buffers were 
used, i.e. 60 mM HEPES, 10 mM MgCl., 0.1 mM EDTA, pH 7.2 
plus one of the following additironsie0 05M KCl 0 2505M KGE 


or 0.05 M KCl plus 5 mM Pi. 
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C. Results 
1. Gel Filtration 

Bild et a]. (29) examined the molecular weight of the 
pig heart enzyme by gel chromatography under assay 
conditions and found no evidence for the tetrameric form of 
the enzyme. The same result was found under the buffer 
conditions and loading concentrations used in these 
experiments, i.e. the pig heart enzyme ran as a dimer of 
molecular weight 77,000. Therefore, the pig heart enzyme was 
used as one of the standards and efforts were concentrated 
on detecting the presence of the dimeric form of E. coli 
succinyl-CoA synthetase. Figure 25 shows the elution profile 
of the E. coli enzyme under different conditions. The top 
four arrows indicate the positions where the standards elute 
and the lower two arrows indicate positions of the E£. coli 
dimer (M.W.=68,000) and tetramer (M.W.=136,000) as predicted 
from the standard curve. It can be seen that the E. coli 
enzyme activity comes “off the “column “at the: position 
expected for the ‘tetramer and “that =the @profste sisi not 
changed significantly by the addition of either 150 UM ATP 
alone (Buffer B) or the combination of 400 uM ATP, 10 mM 
Succinate, 100 UM CoA, 100 uM DTT (Buffer C). Since the 
enzyme proceeds down the column at a faster rate than its 
product, the last set of additions results in the enzyme 
being eluted under the initial velocity reaction conditions 
found in the direct assay. The elution profile also remained 


relatively unchanged when the enzyme was run through the 
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E.Coli SCS E.Coli SCS 
tetramer dimer 


no additions 


plus ISO 4M ATP 


ACTIVITY (units ) 


70. 80 90 WO I10 120 130 140 150 
FRACTION NUMBER 


Fig. 25 - Sephacryl $-200 gel filtration of E. coli 
succinyl-CoA synthetase. P=pig heart succinyl-CoA 
Synthetase, O=ovalbumin, C=chymotrypsinogen, R=ribonuclease. 
The E. coli succinyl-CoA synthetase was loaded at a 
concentration of 100 ug/ml (total volume=1 ml) and was 
eluted with 60 mM HEPES, 10 mM MgCl., pH 7.2 containing the 
additions shown. (i.e. Buffers A, B and C as described under 


methods ) 
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column under the conditions found in the exchange reaction 
mixture, i.e. when it was eluted with Buffer D (Figure 26). 
When the enzyme was loaded at one-tenth the concentration 
under the same conditions the peak broadened only slightly 
(also shown in Figure 26). Changing the concentration of ATP 
in the elution buffer from 150 UM to 2.5 uM (Buffer E) had 
no effect on the profile at either enzyme loading 
concentrations. 

The skewing of the £—. co/]i enzyme activity peak towards 
the dimeric position under all the conditions examined may 
indicate the presence of a small amount of dimer in 
equilibrium with the tetramer (especially since the standard 
eluted with symmetrical peaks). Within the limits of 
detection, however, the equilibrium does not appear to be 
Shitted significantly by any. of pthesadditions), made. to -the 
elution buffer. 

2. Sedimentation Velocity 

The: gettects sors Individually ‘components, "Olathe soxygen 
exchange reaction mixture on the dimer-tetramer equilibrium 
of E. coli succinyl-CoA synthetase were examined by sedimen- 
tation velocity studies. A low concentration of salt 
(0-05 Mi KCL) was, includedwain) ‘all the butfer ss oguecduce 
non-ideal interactions (primary charge effects) and EDTA was 
added to remove heavy metals. The effect of raising the KCl 
concentration to 0.50 M was examined since this amount of 
salt is carried into the exchange reaction mixture along 


with the hydroxylamine. The product Pi, at a concentration 
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Fig. 26 - Sephacryl S-200 gel filtration ot Ee Goa 

y =pl t ‘succinyie Co 

nyl-CoA synthetase. P=pl1g heart s ny 
acne case O=ovalbumin, C=chymotrypsin, R=ribonuclease. The 
sae was loaded in a total of 1 mi at the concentrations 
shown and was eluted with Buffer D (as described under 


methods). 
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of 5 mM, is present during the exchange and its influence on 
the sedimentation coefficient was tested. However, the 
effects of the substrates ATP and CoA could not be examined 
because of their high absorbance at 235 nm. Also, succinate 
was not tested since it would complicate the results by 
promoting dephosphorylation of the enzyme. 

The results presented in Table 1 show that the 
sedimentation coefficient (S.o,) of the £E. coli enzyme 
remains relatively unchanged in the presence of 0.05 M KCl 
or 0.05 M KCl plus 5 mM Pi, whether the enzyme is loaded at 
Geez, 0.4 ‘or 0.6 mg/ml. However,  -with» fthe  adaition: Yof 
0.50 M KCl the sedimentation coefficient decreases with 
decreasing enzyme concentration. This finding suggests that 
the higher salt and lower enzyme concentrations act in 
concert to shift the equilibrium more towards the dimer. 

3. Sedimentation Equilibrium 

The gel filtration experiments demonstrated that 
although £&. coli succinyl-CoA synthetase may have a dimer- 
tetramer equilibrium, the position of the equilibrium is far 
towards the tetramer, even under conditions of active cata- 
lysis. Sedimentation equilibrium may be expected to provide 
a valuable technique for the study of this equilibrium 
since, when the photoelectric scanner is used, it gives the 
concentration dependence of molecular weight in a very low 
enzyme concentration range, i.e. where a significant pro- 
portion of the enzyme may exist as a dimer. The fact that 


previous sedimentation equilibrium studies on E. coli 
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Table l 


The sedimentation coefficient of E. coli succinyl-CoA syntnetase 
as a function of enzyme concentration and buffer additions. The 
enzyme was sedimented in a buffer containing 60 mM HEPES, 

10 mM MgCl2, 0.1 mM EDTA plus tne additions shown above. See 
text for further experimental details. 
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Succinyl-CoA synthetase have shown a_ marked dependence of 
molecular weight on enzyme concentration (48) indicates that 
this may be the technique best suited for the study of the 
E. coli enzyme equilibrium. 

The sedimentation equilibrium experiments which I 
carried out (representative data are given in Figure 27) 
show that, when 0.05 M KCl is the only addition to the 
buffer, the weight-average molecular weight reaches the 
value expected for the tetrameric molecular weight (140,000) 
at high enzyme concentrations but at low concentrations 
(<O.5 mg/ml) the enzyme appears to dissociate. (Krebs et ai. 
(48) had usSed similar conditions and obtained the same 
result.) The effect of raising the salt concentration to 
0.50 M was investigated and it can be seen (Figure 27) that 
the apparent weight-average molecular weight decreases over 
the entire enzyme concentration range. This down-shift in 
molecular weight supports the hypothesis that salt promotes 
dissociation of the enzyme. It is also evident from Figure 
27 that inorganic phosphate acts to stabilize the tetrameric 
State of the enzyme, i.e. when 5 mM Pi and 0.05 M KCl are 
added to the buffer the weight-average molecular weight 
remains relatively constant at 140,000 over all but the 
lowest portion of the enzyme concentration range. The 
ynfdtuences ssthat!s CoAj.1, ALP and succinate might have on the 
equilibrium could not be investigated because of the compli- 


cating factors mentioned above in the section on 


sedimentation velocity. 
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Fig. 27 - Sedimentation equilibrium of E. coli 
succinyl-CoA synthetase. (a)Representative plot of ln y 
versus rr? derived from a run carried out at an enzyme 
concentrationnof 0.2 mg/misandyray_rotorm, Specd) ob mio,000- com. 
(b)Concentration dependence of weight-average molecular 
weight of succinyl-CoA synthetase from the data in part (a). 
The buffer consisted of 60 mM HEPES, 10 mM MgCl., 0.1 mM 
EDTA plus the additions shown. Similar plots were obtained 
when other enzyme loading concentrations and rotor speeds 


were used. 
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D. Discussion 

A knowledge of the state of association of an enzyme 
under assay conditions is essential for an understanding of 
the molecular basis of the kinetic properties. Several 
techniques including sedimentation equilibrium, sedimen- 
tation velocity and gel filtration were used to measure the 
molecular weight of E. coli succinyl-CoA synthetase under 
different conditions (including initial velocity reaction 
conditions) and protein concentrations. Before discussing 
the results of these experiments, I wish to mention that I 
initially attempted to measure the oligomeric state of both 
the E. coli and pig heart enzyme using the technique termed 
"active enzyme centrifugation’ (102). This method involved 
the layering of a narrow band of enzyme solution on top of a 
centrifuge cell filled with the coupled assay mixture. The 
absorbance of the cell was monitored at 340 nm and the 
position of the active enzyme was marked by a decrease in 
absorbance due to the loss of NADH. The sedimentation 
velocities of the E. coli and pig heart enzymes were found 
to be identical using this technique. These results are 
contradictory to those obtained from the 'active enzyme gel 
chromatography' method presented in this chapter, which 
shows that the £. co/i and pig heart enzyme run mainly as a 
tetramer and dimer, respectively. There may be two sources 
of error in the sedimentation experiment. First, it is known 
that associating-dissociating protein systems may be 


sensitive to the pressures exerted upon them in 
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centrifugation experiments (103). Second, since the coupling 
enzymes used in the assay are both of higher molecular 
weight than the succinyl-CoA synthetase tetramer, they would 
sediment ahead of the enzyme of interest. It is likely that 
the latter consideration is the true source of the apparent 
equivalence of behaviour of the two succinyl-CoA synthetase 
preparations in the "active enzyme centrifugation’ 
experiment since the pig heart and £. coli enzyme appeared 
to travel with exactly the same sedimentation coefficient 
(Sobs.), and this value for Sobs. is higher than that deter- 
mined for the —&. colji enzyme in the normal sedimentation 
velocity experiment. (It is difficult to calculate So, for 
comparison from the active enzyme experiment because of the 
many components in the reaction mixture.) 

The results of gel filtration experiments revealed that 
the E. co/ji enzyme largely retains its tetrameric state, 
even during active catalysis. The assymetric shape of the 
activity peaks (Figure 25), together with the broadening of 
the peak upon enzyme dilution (Figure 26), may indicate the 
presence of a small amount of dimer in equilibrium with the 
tetramer. However, this equilibrium is barely detectable by 
this zonal analysis. (Zonal chromatography entails the 
migration of a small zone of solute (enzyme)). The frontal 
method of analysis, which involves the migration of an 
initially sharp boundary between solvent and solution with a 
plateau of original composition being preserved, might have 


been more informative since a mixture of enzyme oligomeric 
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States can be detected by resolution of the initially sharp 
boundary into several boundaries. The composition can be 
estimated from the relative sizes of these boundaries. 
However, this type of analysis would have involved the use 
of excessive amounts of succinyl-CoA synthetase and elution 
buffer. Therefore, the techniques of sedimentation velocity 
and equilibrium were examined because of their potential 
sensitivity and the small sample size required. 

The sedimentation velocity experiments presented in 
Table 1 show that E. co]i succinyl-CoA synthetase travels 
with a relatively constant sedimentation coefficient 
(S20, =6.4 to 6.5) in buffer containing either 0.05 M KCl or 
0.05 M KCl plus 5 mM Pi, with loading concentrations ranging 
from 0.2 to 0.6 mg/ml. This suggests that the enzyme remains 
stable in its tetrameric state under these conditions. (In 
order to calculate the molecular weight corresponding to 
this sedimentation coefficient, the diffusion coefficient of 
the enzyme would have to be determined.) However, when the 
salt concentration is raised to 0.50 M KCl, the sedimen- 
tation coefficient becomes dependent on the loading concen- 
tration of -thesenzyme.a-lht varies) froma 57 99meat way loading 
concentration of 0.2 mg/ml to 6.75 at 0.6 mg/ml. This 
concentration dependence of S.ew suggests that high salt 
and low enzyme concentrations act together to promote 
- dissociation of -the enzyme to dimers. (The increased value 
forms S asx at the loading concentration of 0.6 mg/ml may be 


due to KCl also causing a conformational change in the 
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intact tetramer.) These sedimentation velocity results are 
compatible with the initial velocity kinetic experiments, 
i.e. it was postulated that the activating effect of KCl is 
due to a dissociation of the enzyme into dimers. 

The sedimentation equilibrium method was the most 
informative of all the physical techniques investigated. It 
revealed (Figure 27) a definite dependence of the apparent 
molecular weight upon the enzyme concentration of E. coli 
succinyl-CoA synthetase. In agreement with the mass 
migration methods, it shows that the enzyme exists predomi- 
nantly as a tetramer of overall molecular weight near 
140,000 when at high concentrations (>1 mg/ml). However, it 
can be seen that the lines do not extrapolate to the dimeric 
molecular weight of 70,000. As suggested by Krebs & Bridger 
(48), this could be due to a further dissociation of the 
enzyme into subunits caused by heavy metal contaminants. An 
increase in KCl concentration produced the expected decrease 
in molecular weight over the entire concentration range, 
i.e. it shifts the equilibrium towards the dimer. An 
unexpected result was the stabilization of the tetramer by 
5 mM Pi. Inorganic phosphate is known to induce confor- 
mational changes in many proteins (104), and in the case of 
glutamate dehydrogenase it affects the association- 
dissociation equilibrium (105). In retrospect then, this 
Stabilization is not so surprising, especially considering 
that both the £. coli and pig heart enzyme retain their 
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Sedimentation equilibrium studies were also done on the pig 
heart enzyme in an attempt to detect the presence of some 
tetramer. However, the results were complicated by the fact 
that the pig heart enzyme is much less stable than the E. 
coli enzyme and the majority of the activity is lost over 
the duration of the experiment. 

It 18 a pity™that the effect of ATP on the dimer- 
tetramer equilibrium could not be examined using the sensi- 
tive sedimentation equilibrium technique since an ATP- 
induced shift in the equilibrium would explain the 
cooperative kinetic patterns seen in the preceding chapter. 
The gel filtration method gave no indication (within the 
substant ral*lLimiits #ot tdetvectrcn)@olvanter fectaof ATP ion the 
equilibrium (Figure 25). However, fluorescence polarization 
studies on a 'lightly' dansylated derivative of E£. coli 
succinyl-CoA synthetase have revealed that 5 mM ATP (when 
added to the enzyme in HEPES buffer, pH 7.2 at 0.5 M_ KCl) 
Causes -a’ dramatic » drop “in polarization s(J.S. Nishimura, 
personal communication). This may indicate that ATP does 
actually shift the ‘dimer-stetramer equilibrium. It isealso 
interesting to note that Nishimura did not™ observe this 
decrease in polarization with ATP when the enzyme was in 
phosphate buffer. This may be due to the stabilization of 
the tetramer by phosphate, as was suggested by the sedimen- 
tation equilibrium experiments. However, hag the gel 
filtration results can be trusted and ATP does not affect 


the oligomeric state of the enzyme, then the cooperative 
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kinetics must be due to hysteresis, i.e. the dimer-tetramer 
equilibrium must be slower than the maximum velocity of the 
reaction. As discussed by Frieden and Nichol (106), it is 
not unreasonable to expect that the association-dissociation 
reaction of an enzyme may be rate limiting in the kinetic 
behaviour. 

In summary, physical techniques have given supporting 
evidence for the dimer-tetramer equilibrium for E. coli 
Succinyl-CoA synthetase and have revealed that, under all 
conditions tested, the equilibrium is far towards the 
tetramer. The equilibrium, if it does actually exist for the 
pig heart enzyme, must lie far on the side of the dimer 
Since the tetrameric state was not detected by any of the 


physical techniques. 
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VII. COMPARATIVE STUDIES ON PIG HEART SUCCINYL-COA 
SYNTHETASE - THE EXTINCTION COEFFICIENT AND AMINO ACID 


COMPOSITION 


A. Introduction 

An accurate determination of the concentration of pig 
heart succinyl-CoA synthetase used in kinetic or physical 
Studies depends upon having a reliable value for the ultra- 
violet extinction coefficient. Since two very different 
values for the extinction coefficient of the pig heart 
enzyme have appeared in the literature (Ee at 280 nm=0.35 
(65) or 0.90 (66)), it seemed necessary to reevaluate this 
parameter. The protein-dye binding method of Bradford (69) 
has proven to be a convenient and accurate means of deter- 
mining the protein concentration of the E. coli enzyme in 
dilute solutions. It was therefore used to check the value 
of the extinction coefficient for the pig heart enzyme. 

The amino acid compositions, of #@unatave vEta coll 
succinyl-CoA synthetase and its isolated subunits have been 
presented (54). Succinyl-CoA synthetase has been purified 
recently from rat liver and amino acid analyses revealed 
significant similarities in 50% of the amino acid residues 
of the native rat liver and E—. coli enzymes (75). No reports 
have appeared on the analyses of pig heart succinyl-CoA 
Synthetase or of its subunits. These compositions are 
presented here and comparisons are made between the amino 


acid analyses of the three native enzymes (pig heart, rat 
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liver and £. coli) and the a and B subunits of two of these 
enzymes (pig heart and —&. colji). In order to determine the 
relatedness of the proteins, an index that is commonly used 
for concisely expressing the amount of difference between 


compositions (107,108) is calculated. 


B. Materials and Methods 
1. Determination of the extinction coefficient 

The protein concentration of a solution of purified pig 
Meant (‘Succinyl-CoA a synthetase> was determined by the 
protein-dye binding method of Bradford (69) using E. coli 
Succinyl-CoA synthetase as the standard. 
2. Amino acid analysis 

The a and B subunits of the pig heart enzyme were 
prepared by gel filtration according to the methods 
described by Pearson and Bridger (54). Samples of the native 
enzyme and its subunits were dialyzed extensively against 
distilled water and lyophilized. The residues were re- 
dissolved in constant boiling HCl containing 0.1% phenol and 
duplicate samples were hydrolyzed in vacuo at 110° for 24, 
48 and 72 hours. The samples were then evaporated to dryness 
and analyzed on a Beckman model 120C amino acid analyzer. 
The values for isoleucine, leucine and valine were taken 
from the analysis of the 72-h sample. Serine, threonine and 
methionine were estimated by extrapolation to zero 
hydrolysis time. For purposes of calculation, the molecular 


weights of 34,500 (a) and 42,500 (f) were used for the 
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Subunits of the pig heart enzyme. These molecular weights 
were estimated from polyacrylamide gel electrophoresis in 


the presence of sodium dodecyl sulfate (49). 


C. Results 
1. The extinction coefficient 

A value of 0.35 was obtained for the extinction 
coefficient bosses } at s280-enm of Fpig, heart succany]-CoA 
Synthetase using either the normal assay or micro-assay 
method of Bradford (69). This is to be compared with the 
extinetion| coefficient of 0.5 for both the rat liver (75) 
and E. coli (48) enzymes. 
2. The amino acid compositions 

The results of amino acid analyses of native pig heart 
succinyl-CoA synthetase and its separated subunits are 
presented in Table 2. It can be seen that the composition of 
the native enzyme is in good agreement with that calculated 
for an af dimer from the compositions of the isolated sub- 
units. As was the case with the —. coli enzyme (54), the 
data bitie out the possibility that the smaller (a) subunit 
is a proteolytic derivative of the larger one (8) since 
certain residues (e.g. threonine) are present in larger 
amounts in the a@ subunit. 

In Table 3 the amino acid compositions of the rat liver 
(75) and E. coli (54) enzymes are included along with the 
composition of pig heart succinyl-CoA synthetase. For 


purposes of comparison, the molecular weight of the EeCOlsl 
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Table 3 122 


The amino acid compositions of succinyl-CoA synthetase from 
three sources. 


Amino Acid Pig heart Rat liver > Bercol.. 
residues/ residues/ residues/ 
77,000 M.W. 80,000 M.W. 68,000 M.W. 
Lysine 59 5 44 
Histidine 2 ine 10 
Arginine 24 20 Pat 
Aspartic acid wD 72 52 
Threonine 37. 36 39 
Serine 31 45 20 
Glutamic acid 89 did 68 
Proline By 29 Za, 
Glycine 78 85 80 
Alanine ¥KG) u 76 F2 
Cysteine Nob. 22 eZ 
Valine 50 47 58 
Methionine L2 aS The: 
Isoleucine 45 ENS) 47 
Leucine 64 58 2 
Tyrosine AS 5 skal 
Phenylalanine 28 748) 19 
Tryptophan Neb 2 4 
Monee 119 784 649 
a 


N.D., not determined 


eee from Ball and Nishimura (75) 


SBased on the data of Pearson and Bridger (54) 
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enzyme is taken to be 68,000 (the dimeric molecular weight). 
There appear to be similarities between all three enzymes. 
An index commonly used for expressing the amount of 
difference between the amino acid composition of proteins 
(108) was calculated to test their relatedness. 


at - en a ee % 
SAn=1/2% (n; .-n; 3) 0.035(N,-N,)~ + 0.535|N,-N 


= 
where nj, and Nip are the numbers of amino acid residues of 
the ith type in protein A and B, and N, and N, are the total 
number of residues in A and B. The so-called 'strong' test 
predicts that the two proteins are related in their sequence 
only when SAn is less than 0.42N, where N equals the total 
number of residues in the smaller of the two proteins. In 
the less demanding 'weak' test SAn is taken as significant 
if it is less than 0.93 N. In a comparison of 163 pairs of 
proteins the 'strong' test identified only 7 of the 19 
indisputably related pairs. However, the "weak' test 
detected genuine similarity in 22 out of 23 cases but 
imcorrectly indicated Similarity, if momo. 

The amino» “acid analyses of “thes sthreessucciny! =CoA 
synthetases in Table 3 were compared using the above 
mentioned index and the calculated values of SAn,, 0.42 N and 
0.93 N (in that order) are shown below for each combination: 
pigeheartoratliven-: 3 76,050c, e007 
Dig heart fo. COlls 69) ;m2tc meoce 


rat liver-E. Coli: 1226, %2737,. 604 
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It can be seen that the value of SA, 18 greater than 0.42 N 
but less than 0.93 N for the pig heart - rat liver enzyme 
pair. According to the theory of Cornish-Bowden (108), this 
indicates that the enzymes from these two mammalian species 
probably have similar sequences since the 'weak' test is 
passed. However, neither the pig heart or rat liver 
Succinyl-CoA synthetase appear to be related to the enzyme 
from E., Col i by these criteria since Sp», is greater than 
0.93 N for both comparisons. 

The amino acid compositions of the separated subunits 
Of the pig heart and E. co/ji enzymes are displayed in Table 
4. Calculations were done comparing the two a-subunits and 
the values of S4,, 0.42 N and 0.93 N were determined to be 
116, 124 and 276 respectively. This indicates that the two 
a-Ssubunits are almost certainly related since SAn is less 
than 0.42 N, i.e. the 'strong' test is passed. When the same 
analysis was done on the S-subunits, Sdn, 0.42 N and 0.93 N 
were calculated as 275, 152 and 338. Therefore the 
B-subunits from pig heactrr and les CO) jl succiny |-CoA 


synthetase may be similar (the 'weak' test showed positive 


results). 


D. Discussion 


The ultraviolet extinction coefficient eae at 
280 nm) of pig heart succinyl-CoA synthetase was found to be 
0.35 when reevaluated using a protein-dye binding method. 


This value is in good agreement with that previously 
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determined by Murakami and Nirhimura (67). The extinction 
ecerticiente sof: 0.90) jusedei by) Chasts(66) seappears ato be 
incorrect. 

When the amino acid analyses of the three native 
succinyl-CoA synthetases (pig heart, rat liver and E. coli) 
were compared with the aid of a commonly-used index, it was 
found that the two mammalian enzymes may have similar 
primary sequences while the £. co/ji enzyme did not appear by 
this test to be related to either of those enzymes. It is 
not at all surprising that the two eukaryotic enzymes are 
more closely related to each other than they are to their 
prokaryotic counterpart. 

However, when the amino acid compositions of the 
separated subunits of the pig heart and £. co]i enzyme were 
compared, it was found, according to the criteria developed 
by Cornish-Bowden (107), that the two a-subunits (one 
eukaryotic and one prokaryotic) were certainly related. When 
the number of amino acid residues of each type in the 
smaller E£. coli a-subunit are subtracted from the number of 
residues in the larger pig heart a-subunit some interesting 
trends are revealed. For example, the number of non-polar 
amino acid residues (alanine, valine, leucine, isoleucine, 
proline, phenylalanine and methionine) increases by only 3.4 
in the larger pig heart a-subunit. Similarly, there is a 
small increase (3.5) in the number of amino acid residues 
with polar uncharged side chains (glycine, serine, 


threonine, tyrosine). However, the pig heart a-subunit 
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contains an additional 25.4 charged amino acids (aspartic 
acid, glutamic acid, lysine, arginine, histidine). Ge 
appears then that the increase in size between the pig heart 
and E. coji a-subunit is due largely to the addition of 
charged amino acids. Although the two f-subunits are not as 
closely related according to the index, the increased size 
of the pig heart £-subunit also results from the addition of 
charged groups, i.e. there are 5.6 additional nonpolar and 
uncharged polar amino acid residues but 25.7 additional 
amino acids having charged side chains. 

The reason for the index giving positive correlations 
between the isolated subunits of the pig heart and E£. coli 
enzymes, while indicating no similarities between the two 
enzymes when they are compared as a whole, may be due to the 
Size difference between the enzymes. Comparisons of the 
compositions of proteins of very different lengths are 
difficult to interpret. However, when the separated subunits 
are analyzed this size difference is reduced. 

Meas “intriguing’s that = "che? wa-subuni ec win sprg nearc 
Succinyl-CoA synthetase is closely related to the a-subunit 
Pnetchnev lh. 'CoOll enzyme, yet contains an additional 25 charged 
amino acids, especially with regard to certain observations 
om the nature of subunit contacts in’ otherJoligomeric 
proteins. There is evidence that many protein-protein inter- 
actions’ involve polypeptide chain termini. For example, the 
C-terminal plays an important role for the polypeptides of 


a-chymotrypsin (109) and the subunits of hemoglobin (110), 
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and the N-terminal residues may be involved in polypeptide 
interactions in procarboxypeptidase A (111). Particularly 
interesting conclusions have been drawn from comparisons of 
cytoplasmic malate dehydrogenase and lactate dehydrogenase. 
Malate dehydrogenase is comprised of two subunits and is 
conformationally highly homologous with the tetrameric 
lactate dehydrogenase. Lactate dehydrogenase is a tetramer 
of four identical subunits while malate dehydrogenase is a 
dimer, apparently only because of an additional 20 amino 
acid residues at the N-terminus of lactate dehydrogenase 
(112). With this example in mind, it is suggested that pig 
heart succinyl-CoA synthetase exists predominantly as a 
dimer (while the £. co/i enzyme lies far towards the 
tetramer in the dimer-tetramer equilibrium) simply because 
of an additional group of highly charged residues being 
added to the end of the polypeptide chain in the a-subunit. 
As with most conclusions based on a comparison of amino acid 
compositions, this suggestion must of course be regarded to 
be highly speculative, and can only be confirmed through a 
determination of the primary sequence and X-ray structure of 


both proteins. 
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VIII. CONCLUSIONS 
The majority of the work reported in this thesis was 
directed towards answering two essential questions: 'What 
are the functions of the two types of subunits in 
Succinyl-CoA synthetase?' and 'Why does the —. coli enzyme 
have two potential active sites and pig heart enzyme only 
one?'. It was hoped that these studies would add to the 
understanding of structure-function relationships in other 


oligomeric enzymes. 


A. Why two kinds of subunits? 

Affinity chromatography of the separated subunits of 
the E. coli enzyme showed that the isolated B subunit is 
capable of binding CoA. Recombination studies involving 
NBD-Cl modified subunits further demonstrated that both sub- 
unit types are important for enzyme activity. These results 
are compatible with the previously proposed picture of 
catalysis with functional roles for both subunits. The 
reaction may be visualized as beginning on the a_e subunit 
with transfer of the terminal phosphoryl group of ATP toa 
histidine residue of that subunit. The subsequent transfer 
of the phosphoryl group to succinate and its displacement by 
GoA ‘to yield Ssuccinyl=CoAvwand Pisis thought to occur on) sthe 
B subunit. Other oligomeric enzyme systems have been 
described in which separate partial reactions occur within 
the domains of different subunits: for example, tryptophan 


synthase (4), carbamyl phosphate synthetase (113), and 
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transcarboxylase (114). 


B. Why two copies of each subunit per enzyme molecule? 

The rationale for the tetrameric structure of the E. 
coli enzyme remains less than clear. Bild et a]. (29) had 
proposed that the negative cooperativity of phosphorylation 
Shown by the E—. coli enzyme reflects the operation of cata- 
lytic cooperativity between active sites and that this could 
be an advantage that nature gains from the tetrameric enzyme 
structure. Attempts to validate this hypothesis through a 
study of the oxygen exchange patterns of hybrid enzyme mole- 
eules were’ complicated ‘by ‘the  *'finding™ ‘that: * the * oxygen 
exchange kinetics varied as a function of enzyme concen- 
tration. When this effect was investigated in more detail it 
became apparent that a model not involving catalytic 
cooperativity, but proposing a dimer-tetramer equilibrium 
for both the £. col]i and pig heart enzyme, could adequately 
explain all the oxygen exchange data. Initial velocity 
kinetics and physical studies provided convincing evidence 
for this equilibrium. The initial rate analysis revealed 
that the form of succinyl-CoA synthetase predominant at low 
enzyme concentrations (the dimer) has an increased specific 
activity. Thus, although the operation of catalytic 
cooperativity between active sites in the intact tetramer 
can not be excluded by these experiments, it is not apparent 
what selective advantage the enzyme would gain from these 


interactions since the independent active site appears to 
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operate with increased catalytic efficiency. 

In view of these results, it seems appropriate to 
Survey the status of the concept of catalytic cooperativity, 
it having been exposed to the test of time in other enzyme 
Systems. Grubmeyer and Penefsky (115) have recently reported 
an interesting study that described the interactions between 
two catalytic sites on beef heart mitochondrial ATPase (F,) 
during hydrolysis of the ATP analog TNP-ATP. It was. shown 
that hydrolysis of substrate bound in one site is 
accelerated when TNP-ATP or other nucleotides are allowed to 
bind to the second site. This, together with the studies of 
Boyer and colleagues on the oxygen exchange catalyzed by 
membrane-bound and soluble F, (23,26,27) provide convincing 
evidence for the operation of catalytic cooperativity in 
this system. The characteristic stimulation of exchange at 
low substrate concentration was also observed for the CF, 
ATPase of chloroplasts that catalyzes photophosphorylation 
(24). Fast-kinetic evidence for an activating effect of ATP 
on the Ca?* transport of sarcoplasmic reticulum ATPase was 
interpreted as indicating catalytic cooperativity (116). 
However, a study of the vanadate-trapped state of the 
(Na,K)-ATPase provided evidence against the interacting 
nucleotide site model (117). The operation of catalytic 
cooperativity has also been proposed for several non-ATPase 
enzymes, most notably malate dehydrogenase and alkaline 
phosphatase. Recent modification studies on_ malate 


dehydrogenase have shown that the hybrid molecule 
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contributes half of the enzymatic activity of the native 
dimer (118), a result not in harmony with the operation of 
inter-site cooperativity. Two kinetic studies on alkaline 
phosphatase, one involving alternative substrate and product 
inhibition studies and catalytic rate constant measurements 
(31) and the other using a transient kinetic analysis (119) 
have led to the proposal of -a catalytic cycle which is 
different from the catalytic cooperative model. Also, it has 
been reported that £&. coli alkaline phosphatase does not 
exhibit the characteristic substrate concentration-dependent 
exchange pattern (89). Thus it appears that the information 
available at this time leans favourably towards the concept 
of catalytic cooperativity as proposed for the membrane- 
bound ATPases but away from the possibility of its operation 
in malate dehydrogenase and alkaline phosphatase. 

Although there is no evidence in the literature that 
catalytic cooperativity acts to accelerate rate-limiting 
steps in the pathway of the succinyl-CoA synthetase 
reaction, there are indications of site-site interactions in 
the E&. co]i enzyme tetramer. Hans Vogel (in our laboratory) 
has observed, using *'P NMR, that the addition of ATP to a 
Ses ae solution of previously phosphorylated E. coli 
enzyme leads B®) the appearance of the resonance 
characteristic of the succinyl phosphate intermediate. This 
implies that ATP binding or phosphorylation at one active 
site triggers phosphoryl transfer from histidine to 


Succinate at the other site. A consideration of the effect 
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of CoA on intermediate steps in the reaction makes it seem 
unlikely that this ATP-modulation of succinyl phosphate 
formation relates to the ATP-dependent exchange catalyzed at 
high enzyme concentrations. That is, since CoA also affects 
the rate of succinyl phosphate production (41), an example 
of an effect known by the term 'substrate synergism', then 
the relative rate of oxygen exchange should be both CoaA- and 
ATP-dependent. However, this was not found to be the case 
(29). It appears that the proposed dimer-tetramer equili- 
brium may still be the best explanation for the apparent ATP 
modulation of the exchange reaction. 

Be that as it may, it has been shown that E£. coli 
Succinyl-CoA synthetase possesses at least the capacity for 
alternating sites cooperativity in catalysis. Part of my 
early work involved the evaluation of possible methods for 
the separation of the phospho- and dephospho-a subunit. 
Although we were unsuccessful in separating a from a-P, this 
study led to the development of a selective chromatographic 
procedure for the separation of the phospho- and dephospho- 
peptides derived from the a subunits. This enabled us _ to 
show, with the aid of a hybrid enzyme containing one 
>8S-labelled a subunit (dephosphorylated) and one nonradio- 
active a subunit (phosphorylated), that both active sites 
are available for phosphorylation (61), and that the enzyme 
therefore has the capacity for alternating sites 


cooperativity. This publication is reproduced in Appendix 2. 
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C. The dimer-tetramer equilibrium of succinyl1-CoA synthetase 

The oxygen exchange and initial rate kinetics of both 
the E. coli and pig heart enzyme revealed that several 
Parameters (the relative rate of oxygen exchange, Vmax and 
Km) are dependent upon the enzyme concentration. This 
behaviour is characteristic of a self-associating system in 
which the catalytic activity of the enzyme varies with the 
degree of association. Many oligomeric enzymes are known to 
undergo association-dissociation reactions and in some cases 
the specific activity of the subunit has been shown to 
depend on the state of association of the enzyme. Glycer- 
aldehyde-3-phosphate dehydrogenase is an example that 
resembles succinyl-CoA synthetase in that the specific 
activity of the enzyme increases with dissociation (120). 
Carbamyl phosphate synthetase (121), arginine decarboxylase 
(122) and B-isopropylmalate dehydrogenase (123) are a few 
more examples of enzymes with concentration-dependent 
kinetic’ -properties. “It? "appears “thenwtnhat, Ey-coll*and <prg 
heart succinyl-CoA synthetase share this property with 
several other enzymes. It is unlikely that the protein 
concentration effects could be attributable to a small 
molecule contaminant in the enzyme preparation since the 
enzyme was subjected to gel filtration immediately prior to 
all experiments, and also since 'H and *'P NMR have revealed 
no unexpected resonances in the spectra of concentrated 


enzyme solutions. 
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Taking previously published inferences into 
Sonsideration Oo itiPise, net’ surprisingarthat succinyl-CoA 
Synthetase should undergo a dimer-tetramer equilibrium. 
Cross-linking of the E£. coli enzyme with diiminoesters was 
shown to result principally in the af dimer, and reaction 
with dimaleimides yielded solely the af dimer (124). These 
results suggest an architectural arrangement for the enzyme 
molecule where there is intimate association of the a and £8 
monomers and loose contact regions between the two af 
dimers. Hence, the structure of the E£. coli tetramer was 
most appropriately described as a 'dimer of dimers'. This 
structure is consistent with the proposed ability of the E. 
coli tetramer to dissociate easily to the dimeric state, and 
yet to retain this active conformation without dissociating 
further to inactive monomers. Sedimentation equilibrium 
studies on the £. co/i enzyme had also hinted towards the 
dissociation of the enzyme to dimers at low protein concen- 
trations (48). Furthermore, it has been suggested that 
malate thiokinase, an enzyme with catalytic properties and a 
Subunit structure similar to succinyl-CoA synthetase, has an 
a,B2,-a.,8, equilibrium (125). 

The proposed dimer-tetramer equilibrium may explain a 
CULT OUSEDOINt scOoncerning: P thesmspeci luce taclivityeeiots ithe 
Durie ede El UNCol im enzyme oe te shaseebeen reported that 
apparently homogeneouS enzyme preparations can display 
specific activities ranging from 20-40 units/mg (2). If the 


degree of association varied depending on the assay 
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conditions used (i.e. high salt versus low salt, and the 
concentration of enzyme used in the assay) then according to 
the model proposed here, the catalytic activity of the 
enzyme would be expected to vary. Thus, to compare the 
activities of different preparations one should keep the 
assay conditions relatively constant. Another matter of 
contention that may be related to the state of aggregation 
of the enzyme is the stoichiometry of phosphorylation of €E. 
coli succinyl-CoA synthetase. Nishimura and colleagues have 
consistently reported a stoichiometry of phosphorylation 
approaching two (58,59) while our laboratory and others have 
repeatedly observed an incorporation of one phosphoryl group 
per mole of enzyme (44,18,65). If the enzyme was in its 
tetrameric state during phosphorylation, negative 
cooperativity between sites would limit the phosphorylation 
to one group per tetramer. However, these sites would become 
independent upon dissociation to dimers and the stoichio- 
metry of phosphorylation would approach two. Perhaps the 
different stoichiometries reported by different groups can 
be traced to experimental details that affect the aggre- 
gation state of the enzyme. One of my earlier projects 
involved a search for an enzyme concentration effect on the 
Stoichiometry of phosphorylation —of | E—.) colli,succinyl—CoA 
synthetase. Unfortunately, the experiments were hindered by 
technical difficulties resulting from the use of dilute 


protein solutions, and.) radioactive. SATPasot | high = specific 


activity. 
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Di. Physiological Significance of the dimer-tetramer 
equilibrium 

‘The remaining problem is to deduce what the oligomeric 
State of succinyl-CoA synthetase is within the cell. Such 
deduction would have to be based upon knowledge of the 
intracellular concentration of the enzyme, the presence and 
concentration of ligands that might increase or decrease the 
association, and knowledge of other macromolecules ong 
organelles that influence the association. The dimer- 
tetramer equilibrium of E£. coli succinyl-CoA synthetase 
might well have important implications for metabolic 
regulation since the kinetic properties of the enzyme are 
influenced by the oligomeric state. In relation to this, 
Ottaway (126) has recently proposed that succinyl-CoA 
Synthetase may be rate-limiting within the Citric Acid 
Cycle. From a structural point of view, association may 
promote stability under physiological conditions, i.e. it 
may influence the turnover of the enzyme. 

Calculations of the intracellular concentration of E. 
coli succinyl-CoA synthetase range around 1 to 5 mg/ml. The 
kinetic and physical studies reported in this thesis have 
indicated that the enzyme is predominantly tetrameric in 
this protein concentration range. Sedimentation equilibrium 
showed that relatively low ionic strengths and the presence 
of Pi (conditions found within the cell) promote association 
of the enzyme. The recently described ‘'crowding' effect 


(120) (a phenomenon caused by the space-filling properties 
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of high concentrations of unrelated globular proteins) would 
also promote formation of the tetramer. Beyond this, it is 
difficult to extrapolate the solution properties of EF. coli 
Succinyl-CoA synthetase to the in vivo state of the enzyme 
Since “the effect of ‘other substrates) ligands and macro- 
molecules on the equilibrium is not known. The following 
discussion of the well-studied example of yeast hexokinase 
illustrates that the situation is often not straight 
forward. Calculations of the intracellular concentration of 
the enzyme, together with the known associating effect of 
many intracellular conditions (i.e. pH, presence of sub- 
Strates and activators, etc.) all led to the conclusion that 
yeast hexokinase would behave as a dimer within the cell. 
However, recent studies on the cooperativity of ATP with 
hexokinase in permeabilized 'ghost' cells have shown that 
the enzyme behaves as if it were monomeric (127). This 
emphasizes the difficulty of extrapolating results directly 
to the physiological situation. Because of the extremely 
high protein concentrations within the mitochondria (56% 
w/w), it would be even more difficult to deduce the oligo- 
meric state of pig heart succinyl-CoA synthetase in vivo. 
Although the solution studies reported herein revealed that 
the equilibrium for the enzyme is far towards the dimer, the 
experimental conditions do not even resemble those within 
the cell. In fact, protein crystals and their properties may 
better represent the conditions experienced by the proteins 


of the mitochondrial matrix (128). 
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No matter what the oligomeric state of the enzyme is 
within the cell, it is obvious that the association 
properties of succinyl-CoA synthetase from various sources 
dutier substantially Sineivitro,wel.ess the “enzymes from 
Gram-negative bacteria are predominantly tetrameric in 
solution while Gram-positive bacteria and all eukaryotic 
Organisms produce 'dimeric' succinyl-CoA synthetases (53). 
This structural homology between mammalian and Gram-positive 
bacterial forms of the enzyme may be explained by the endo- 
symbiosis theory for the evolution of the mitochondrion 
(129). If invasion of a proto-eukaryote by a bacterium with 
Gram-positive characteristics had led to the evolution of a 
eukaryotic cell) then the mitochondrial Succinyl-CoA 
Synthetase would be expected to retain structural simi- 
larities to the Gram-positive bacterial form of the enzyme. 

In summary, the studies reported in this dissertation 
Show that succinyl-CoA synthetase is a predictably complex 
enzyme and that it exhibits many of the characteristics of 
the '‘'worst' case of a cooperative enzyme as defined by Neet 
(130), i.e., it appears to have (a) a dimer-tetramer 
equilibrium; (b) site-site interactions within the tetramer; 
(c) a different number of ligand binding sites per subunit 
in the two species; (d) a different catalytic rate constant 
in each of the oligomeric species; (e) three substrates, so 
that the cooperativity of one ligand may depend on another 
substrate; and (f) a possible hysteretic transition. It is 


difficult to say whether this type of behaviour is the 
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culmination of eons of evolution in developing the optimal 
enzyme for a particular function or whether the kinetic and 
Structural properties revealed may be accidents of evolution 
which, having no physiological advantage and also causing no 


harm, have not been excised. 
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X. Appendix 1 


PROGRAM: MEDIUM PHOSPHATE=WATER EXCHANGE 
CALCULATION OF DISTRIBUTION OF PHOSPHATE SPECIES 


REAL K, K18 


DOUBLE PRECISION R, P, OBAR, P10, P11, P20, P21, P22, P30, P31, 
1 P32, P33, P40, P41, P42, P43, P44 


INPUT INITIAL DISTRIBUTION 


READ(5.7.) HOO, H10, H20, H30, H40 
0180 = .025*H10 + .O5*H20 + .075*H30 + .1*H40 
DO 101 J = 1,50 

READ(5,8,END=200) P, 0181 


CALCULATE OTHER RELATIONSHIPS 


X = P/(1.-P) 

OBAR = 4.*P/(4.-3.*P) 
OP = OBAR/P 

R= 4. - 3.*P 


CALCULATE RATE PARAMETERS 

TO = O. 

K = 4.*.06931471806/0BAR 

K18 = K*OBAR/4. 

T = (ALOG(O180) - ALOG(0181))/K18 


CALCULATE TRANSITION PROBABILITIES 


P11 = (1.-P)*(1. + 3.*P/(4.-3.*P)) 
P10 = 1.-P11 

P22 = (1. - P)*(1. + P/(2. - P)) 
P21 = (1.-P22)*P11 

P20 = (1.-P22)*P10 

P33 = (1.-P)*(1.+P/(4.-P)) 

P32 = (1.-P33)*P22 

P31 = (1.-P33)*P21 

P30 = (1.-P33)*P20 

P44 = 1.-P 

P43 = (1.-P44)*P33 

P42 = (1.-P44)*P32 

P41 = (1.-P44)*P31 

P40 = (1.-P44)*P30 


S4 = P43 + P42 + P41 + P40 
S3 = P32 + P31 + P30 

S2 = P21 + P20 

Si = P10 


CALCULATE DISTRIBUTION FOR FINAL % 180 


H4 = H40*EXP(-K*S4*T) 

C43 = P43*H40/(S3-S4) 

H3 = (H3O0-C43)*EXP(-K*S3*T) + C43*EXP(-K*S4*T) 

C42 = (P42*H40 + P32*C43)/(S2-S4) 

C32 = P32*(H30-C43)/(S2-S3) 

H2 = (H20 - C42 - C32)*EXP(-K*S2*T) + C42*EXP(-K*S4*T) 
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END OF FILE 


aan 


aan 


60 
61 


{ 


+ C32*EXP(-K*S3*T) 
C41 = (P41*H40 + P31*C43 + P21*C42)/(S1-S4) 
C31 = (P31*(H30-C43) + P21*C32)/(S1-S3) 


C21 = 


P21*(H20 - C42 - C32)/(S1 - S2) 


H1 = (H10 - C41 - C31 - C21)*EXP(-K*S1*T) + 


C41*EXP(-K*S4*T) + 


C31*EXP(-K*S3*T) + C21*EXP(-K*S2*T) 


C40 = (P40*H40 + P30*C43 + P20*C42 + P10*C41)/(S4) 
C30 = (P30*(H30 - C43) + P20*C32 + P10*C31)/S3 


C20 =(P20*(H20-C42-C32) + P10"C21)/S2 


C10 = (P10*(H10-C41-C31-C21))/S1 
HO = C40*(1.-EXP(-K*S4*T)) + C30*(1.-EXP(-K*S3*T)) + 
C20*(1.-EXP(-K*S2*T)) 


+ C€10*(1.-EXP(-K*S1*T)) + HOO 


CALCULATE % 18 O FROM H VALUES AS CHECK 


OTOTAL = HO + H1 + H2 + H3 + H4 

018 = .25*H1 + .5*H2 + .75*H3 +H4 

ENRICH = (018/OTOTAL) * 100. 
OUTPUT 


WRITE(6, 15) 
WRITE(6, 10) 
WRITE(6,50) 
WRITE(6,60) 
WRITE(6,60) 
WRITE(6.60) 
WRITE(6.60) 
WRITE(6,61) 
WRITE(6, 13) 
WRITE(6,11) 
WRITE(6,11) 
CONT INUE 


CONT INUE 


P,X,OBAR,OP, 


S4,P40,P41,P 
$3,P30,P31,P 
S2.P20,.P21,P 
$1,P10,P11 


R 


42,P43,P44 
32,P33 
22 


TO,0180,HOO,.H10,H20,H30,H40 


T, ENRICH, HO,H1,H2,H3,H4 


FORMAT (5F 10.4) 
FORMAT(2F 10.4) 
FORMAT (1HO,5(E14.7,5X).///) 
FORMAT (1H ,F5.2,6X,F6.2. 10X,5(F7.1,4X),/) 


FORMAT (6H 


5H H2,6X,5H 


FORMAT (5SH1 
10H 
FORMAT (6H 


6H P2.9X,6H 
,6(F10.6,5X)) 


FORMAT (1H 


TIME ,6X.7H 
H3 , 6X, SH 


PC,15X,8H K2/K-1,11X,7H 
O PRIME ,9X,6H R 


S,10X,6H 
P3,9X, 


FORMAT (////) 


sToP 
END 


% 018,9X,5H 
H4.//) 


4./) 
PO.9X,6H 
6H P4,//) 


HO ,6X, 5H 
OBAR, 12X, 


PT. 9X; 


H1,6X, 
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Proc. Natl. Acad. Sct. USA 
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Biochemistry 


Capacity for alternating sites cooperativity in catalysis by succinyl- 


coenzyme A synthetase 
(enzyme subunits/phosphoenzyme /phosphohistidine) 


WILLIAM T. WOLODKO, MauREEN D. O'CONNOR, AND WILLIAM A. BRIDGER 
Department of Biochemistry, University of Alberta, Edmonton, Alberta, Canada, T6C 2H7 


Communicated by Paui D. Boyer, December 29, 1980 


ABSTRACT __ Succinyl-coenzyme A synthetase {succinate:CoA 
ligase (ADP-forming), EC 6.2.1.5] of Escherichia coli is an a, Be 
tetramer. A histidyl residue in the a subunit is phosphorylated as 
a catalytic intermediate. It has been suggested (Bild, G. S., Jan- 
son, C. & Boyer, P. D. (1980) J. Biol. Chem. 255, 8109-8115] that 
the mechanism of action of this enzyme involves intersubunit coop- 
erativity in which attachment of substrates at one of the two active 
sites promotes catalytic events at the other. This scheme would 
require that the two active sites, although otherwise equivalent, 
should act alternately. 

We have prepared a hybrid enzyme species that contains one 
3S§ labeled a subunit ( viated), one nonradioactive a 
subunit (phosphorylated), and two 8 subunits per tetrameric mol- 
ecule. With the aid of a selective chromatographic procedure for 
the isolation of peptides that contain phosphohistidyl residues, we 
have shown that each of the a subunits undergoes phosphorylation 
when the hybrid enzyme is exposed briefly to substrates. This re- 
sult demonstrates that the two active sites are capable of alternate 
activity and lends support to the concept of alternating sites coop- 
erativity. The haif-of-the-sites phesphorylation that occurs with 
this enzyme is not a consequence of permanent asymmetry or 
other lack of equivalence of the two a subunits. 


Most enzymes are composed of subunits. Rationales for oligo- 
meric structures are often clearly evident. These include homo- 
tropic cooperativity and related allosteric phenomena (e.g., ref. 
1); the possibility for shared active sites between subunits, as 
exemplified by phosphofructokinase (2) and other enzymes; and 
the capacity for more effective folding or enhanced stability in 
a multienzyme structure (3). 

Succinyl-CoA synthetase (succinate: CoA ligase (ADP-form- 
ing), EC 6.2.1.5] of Escherichia coli has an a8. subunit struc- 
ture (4). It now seems certain that the reason for two kinds of 
subunits in the enzyme is that the active site overlaps both a 
and 8. Whereas the 8 subunit contains sites for attachment of 
the substrate succinate and Coa (5, 6), the a subunit binds ATP 
and contains the active-site histidine residue that is phosphor- 
viated as a catalytic intermediate (7-9). Less clear, however. is 
the rationale for the presence of two copies of each subunit in 
the tetrameric enzyme. The results that we report here dem- 
onstrate the capacity for alternate activity of the two catalytic 
centers of the a., tetramer. This ability is essential to the con- 
cept of alternating sites cooperativity that has been proposed 
for this enzyme; this concept generally visualizes attachment 
of substrates at one active site promoting catalytic events at the 
other (8). 


MATERIALS AND METHODS 


tion of Succinyl-CoA Synthetase and Its Subunits. 
Cultures of E. coli (Crooks strain) were grown on a phosphate- 


The publication costs of this article were defrayed in part by ghana — 
payment. This article must therefore be hereby marked “ 
ment” in accordance with 18 U. S. C. §1734 solely to clei corp fact! 


2140 


buffered, succinate-based medium and treated as described (9). 
Bacteria to be labeled with the radioisotope *S were grown 
under similar conditions, except that the total volume was 10 
liters. Carrier-free H°SO, (10 mCi; 1 Ci = 3.7 x 10!° becque- 
rels; New England Nuclear, Canada) was mixed with the metal/ 
salt solution, and the mixture was sterilized by membrane fil- 
tration prior to addition to the bulk of the sterile growth me- 
dium. Succinyl-CoA synthetase was purified essentially by the 
procedure of Leitzmann et al. (10), with addition of a final pu- 
rification step involving affinity chromatography on Blue Seph- 
arose CL-6B. The protein concentration of the purified enzyme 
was measured by absorbance at 280 nm, with a value of 5.0 for 
(11). Succinyl-CoA synthetase was dissociated into its subunits 
by treatment with an acidic urea solution, and the individual 
subunits were subsequently isolated by gel filtration as de- 
scribed (12). The subunits were stored at 4°C in a solution con- 
taining 6 M urea, 5% (vol/vol) acetic acid, 0.5 mM dithioth- 
reitol, and 0.1 mM EDTA. The protein concentrations of the 
purified a and 8 subunits were determined spectrophotometr- 
ically at 280 nm, with values of € equal to 2.75 and 6.8, re- 
spectively (unpublished data). 

Preparation of the Phosphorylated a Subunit. Purified a 
subunit was phosphorvlated as described (5). An aliquot of a 
stock a-subunit solution (containing approximately 3 mg of pro- 
tein) was diluted with 1 mM ATP/1 mM dithiothreitol/10 mM 
MgCl./0.1 M Tris*HCl, pH 8.3, to final protein and urea con- 
centrations of 0.04—0.05 mg/ml and 0.2-0.3 M. respectively. 
The final pH was 7.4-7.5 (adjusted with HCl. if necessary). This 
mixture was incubated at 25°C for a minimum time of 40 hr, 
then cooled to 4°C and concentrated with a Millipore Immer- 
sible Concentrator (nominal molecular weight cutoff of 10.000). 
Excess ATP was removed from the phosphorviated subunit 
preparation by gel exclusion chromatography on a 1.0 x 50cm 
column of Sephadex G-25 (fine) equilibrated and eluted at 4°C 
with 0.1 mM EDTA/0.5 mM dithiothreitol/50 mM Tris:HCl, 
pH 7.4. 

Preparation of Hybrid Enzyme. The recombination of »S- 
labeled @ subunit, phosphorviated @ subunit. and 8 subunits 
into active enzyme was carried out by fulfilling the following 
conditions. The ratio of *S-labeled a subunit to phosphorylated 
a subunit to B subunits in the refolding mixture was 1:1:2 on 
a molar basis. The “refolding buffer” consisted of 10 mM MgCl., 
1 mM dithiothreitol. and 50 mM Tris-HCl, (pH 7.4), and the 
volume used brought the final concentrations of the protein and 
urea in the refolding mixture to 0.12 mg/ml and <0.4 M. 
scsonrse 

Aan protocol called for addition of stock solutions of pu- 
‘S-labeled @ subunit and 8 subunits into a beaker cun- 

eae an equal volume of 1 M Tris (to neutralize the acetic 
acid). This mixture was diluted immediately with the appro- 
priate volume of refolding buffer; finally, the phosphorviated 
a subunit stock solution was added. The final pH was equal to 
7.3-7.4. The refolding mixture was incubated at 25°C for 180 
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min, then cooled to 4°C, and concentrated to approximately 3 
ml with a Millipore Immersible Concentrator. The hybrid en- 
zyme was purified by gel exclusion chromatography on a 1.5 
x 60 cm column of Sephacryl 200 (superfine) equilibrated and 
eluted with 0.1 mM EDTA/70 mM Tris-HCl, pH 7.2. 

Enzyme Assay. Succinyl-CoA synthetase activity was mea- 
sured by the direct spectrophotometric method (13) based on 
the increase in absorbance at 232 nm that accompanies thioester 
formation. A unit of activity is defined as that catalyzing the for- 
mation of 1 jzmol of succinyl-CoA per min at 25°C. 

Preparation of “P-Labeled Succiny!-CoA Synthetase. Na- 
tive enzyme was phosphorviated with **P for use as a tracer in 
chromatographic separations (see below). The reaction mixture 
consisted of 1 mg of purified succinvi-CoA synthetase and 73 
pmol of [P]ATP (0.3 Ci/jsmol; New England Nuclear, Can- 
ada) in 1 ml of 10 mM MgCl,/50 mM Tris-HCl, pH 7.2. The 
reaction was started by the addition of the ATP, carried out at 
22°C for 60 sec, and quenched with the addition of 0.5 ml of 0.35 
M EDTA/50 mM Tris:HCl. pH 8.2. The quenched mixture was 
desalted. and unreacted (“P]ATP was removed by chromatog- 
raphy on a0.7 X 13.5cm column of Sephadex G-25 (fine) topped 
with a 0.7 X 1 cm layer of Bio-Rad AG1-8X ion-exchange resin. 
This column was equilibrated and eluted with 50 mM KCI/50 
mM Tris-HCl, pH 8.1. 

Procedure for Tryptic Digestion. Protein to be subjected to 
digestion with trypsin was first treated with a solution contain- 
ing 2 M urea for | hr at 37°C; such treatment was found to loosen 
the structure of succinyl-CoA synthetase and to facilitate sub- 
sequent proteolysis. The incubation mixture consisted of 2 M 
urea, 5mM CaCl., 35 mM KCl, and 50 mM Tris‘HCl (pH 8.1). 
Tracer succinyl-CoA synthetase labeled with **P was treated in 
an identical manner. Proteolysis was carried out by the se- 
quential addition of solid bovine pancreatic trypsin (281 units/ 
mg, treated with N-tosyi-L-phenvlalanine chloromethyl ketone 
(Worthington)|. Approximately 0.4 mg of trypsin was added to 
the mixture of protein and succinvl-CoA synthetase-tracer im- 
mediately after the treatment with urea and twice more at 2-hr 
intervals thereafter. The tryptic digestion was conducted at 
37°C for a total of 5 hr. The digest was subsequently cooled to 
20°C and subjected to ion-exchange chromatography. 

Column Chromatography. Ion-exchange chromatography 
was carried out at 21°C on 0.7 X 29 cm columns of QAE-Seph- 
adex A-25 equilibrated with 2 M urea/50 mM KCI/50 mM 
Tris‘HCL, pH 8.1. The standard elution protocol was as follows: 
application of sample, elution with the equilibration buffer (1.5 
x the column volume), application of a 36-mi linear gradient 
with respect to KC] (50-300 mM KCl in the same buffer), and 
final washing with 30 mi of 300 mM KCI in the same buffer. 
Material that was pooled from the foregoing fractionation of 
tryptic digests was desalted by gel exclusion chromatography 
on al X 32 cm column of Sephadex G-10 equilibrated and 
eluted with 0.01 M NH,OH at 4°C. 

Measurement of Radioactivity. Radioactivity was measured 
using Aquasol (New England Nuclear) with a Beckman LS-230 
liquid scintillation counter equipped with fixed-window isoset 
modules. 

Gel Electrophoresis. Disc ge! electrophoresis on 7% (wt/ 
vol) polyacrylamide geis was carried out as described (14). 


RESULTS 


Experimental Plan. Catalvsis by succinyl-CoA svnthetase 
occurs with the intermediate participation of a phosphoenzvme. 
E-P, containing a phosphohistidine residue in the a@ subunit 
(4) as shown in the following series of reactions: 


E + ATP = E-P + ADP (1] 
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JK, = wl an oa 


Trypsin Pool phosphopestide 
Mild acid treatment 
Repeat chromatography 


QE hoa gw 


(if Q's aiternate ) 


Fic. 1. Design of experiment to test the capacity of the a subunits 
for alternate activity. 


E-P + succinate = E-succinyl-phosphate {2} 
E-succinyl-phosphate + CoA = £ + succinyl-CoA + P,. [3] 


Formation of E-P provides a convenient method for labeling a 
functional active site. Repeated measurements in this labora- 
tory (15) have shown that succinvl-CoA svnthetase exhibits half- 
of-the-sites reactivity with respect to E-P formation: oniy one 
phosphoryl group is incorporated per a, tetramer after treat- 
ment with excess ATP. The question addressed here is whether 
this behavior is caused by (i) preexisting asymmetry with one 
@ subunit predestined to be inactive or (ii) alternating activity 
of the two @ subunits in a situation in which constraints of the 
mechanism preclude simultaneous phosphorvlation of the two 
sites. The latter explanation, as discussed below, is in keeping 
with the concept of alternating sites cooperativity. 

To test the capacity for alternate activity of the two sites, we 
developed the experimental scheme outlined in Fig. 1. The plan 
involved preparation of a hybrid enzyme containing *°S-label 
in one of the two a@ subunits and phosphohistidine in the other. 
After the putative alternating activity. the location of the phos- 
phoryl group should be scrambled to produce a species in which 
the °S-labeled subunit is also phosphorylated. Because we have 
been unable to develop reliable methods for the separation of 
a and @-P subunits, the scheme included exploiting a method 
that we have devised for the isolation of peptides containing 
phosphohistidine (16). In this method. a trypsin digest is sub- 
jected to ion-exchange chromatography. the phosphopeptide 
fraction is treated with dilute acid to remove the phosphoryl 
group by hydrolysis, and repeat chromatography under the 
same conditions results in specific early elution of the previously 
phosphorviated peptide by virtue of its loss of net negative 
charge. Because the phosphohistidine-containing peptide con- 
tains NH,-terminal methionine (16), the peptide thus isolated 
should contain ”S, provided that scrambling of the phosphorv! 
group has occurred. 

Preparation of Hybrid Enzyme. In accordance with the fore- 
going scheme, we prepared hybrid enzyme bv refolding a mix- 
ture of individual subunits to produce tetramer containing two 
B subunits, one ~*S-labeled a subunit (unphosphorylated). and 
one unlabeled a-P-subunit. The refolded mixture was purified 
by gel filtration, effectively separating active refolded enzyme 
from inactive aggregated material (Fig. 2A and B). The specific 
catalytic activity of the hybrid enzyme (~ 48 units/mg through 
the peak) was equivalent to that expected for pure succinvl-CoA 
synthetase. * Fig. 2C shows that the active fractions contained 


* The presence of inactive material in Fig. 2A may explain why pre- 
viously reported reconstitution attempts without subsequent gel fil- 
tration yielded only 50-60% of the theoretical specific activity (12). 
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Fic. 2. Purification of hybrid enzyme by gel exclusion chromatog- 
raphy. The sample applied to the column was obtained by refolding a 
mixture of “S-labeled a subunits (dephosphorylated), nonradioactive 
phosphorylated a subunits, and unlabeled G subunits. (A) Absorbance 
profile. The bar indicates the fractions that were pooled to make up the 
stock hybrid enzyme solution used in subsequent experiments. (B) Pro- 
file of succinyl-CoA synthetase (SCS) activity. (C) Distribution of “4S. 
(Inset) Molar ratio of **S-labeied a subunit per enzyme tetramer, cal- 
culated from the specific radioactivity of the pure “S-labeled a 
subunit. 


one S-labeled a subunit per tetramer, as expected. The equiv- 
alence of the hybrid enzyme to the native species was confirmed 
by gel electrophoresis (Fig. 3); the purified hybrid (lane B) 
migrated identically to native E-P (lane C) and contained no 
detectable free a or 8 subunits (lanes D and E, respectively). 
Presence of significant amounts of dephosphorvlated tetramer 
is ruled out by the specific activity of the hybrid enzyme at the 
theoretical limit (dephosphorylated retolded enzyme is inactive 
(12)] and by the homogeneity of both protein stain and radio- 
activity in the electrophoretic pattern. Therefore, the reassem- 
bly of the hybrid enzyme has not followed a binomial distri- 
bution but has strongly favored the desired monuphosphorvlated 
tetramer. 

Test for Alternating Sites. This experiment was performed 
as outlined in Fig. 1. A portion of the hybrid enzvme ([*°S|a,a- 
P, B,) was exposed briefly to unlabeled substrates. sufficient to 
allow for approximately 150 turnovers. An equivalent sample 
of hybrid enzyme that had not been treated with substrates was 
used as acontrol. To each sample was then added a small amount 
of P-labeled E-P to serve as a tracer of phosphopeptide. The 
samples were then treated in identical fashion with trypsin, and 
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Fic. 3. Polyacrylamide gei electrophoresis analysis of the purity 
of the hybrid enzyme. Electrophoresis was carried out in 7% gels (non- 
dissociating conditions). Lanes: A, stock a and 8 subunits refolded un- 
der the same conditions used for the preparation of the hybrid enzyme 
but without purification by gei filtration (sample = 18 yg of protein); 
B, hybrid enzyme (18 4g) purified by gei filtration (see Fig. 2): C, phos 
phorylated succinyi-CoA synthetase (10 xg); D, purified a subunit (12 
ug); E, purified 8 subunit (18 4g) which aggregates on the gel. 


the digests were subjected to anion-exchange chromatography 
on QAE-Sephadex A-25. Fig. 4 shows the resulting chromato- 
graph for the sample that had been exposed to substrates: the 
control was virtually identical. Guided bv the P-labeled 
tracer, we pooled fractions containing phosphopeptide trom 
both digests, and these were desalted on Sephadex G-10. The 
solutions were then adjusted to pH 2.0 by addition of concen- 
trated HC] and incubated at 37°C for 12 hr to allow for hydro- 
lysis of the NP bond of the phosphohistidy! residue. The acid 
digests were concentrated by lyophilization and reapplied to 
identical QAE-Sephadex A-25 columns. The results show 
clearly that the mild acid hydrolvsis gave rise to an S-labeled 
active-site peptide in the chromatographic breakthrough (Fig. 
5A), whereas there was no significant **S-labeled material pro- 
duced in the control experiment (Fig. 5B). The recovery of °S- 
labeled peptide was not trivial, because knowing the specitic 
radioactivity of the °S-labeled hybrid, we calculated that frac- 
tions 6-8 of Fig. 5A contained approximately 0.25 mol of “S- 
labeled peptide per mole of hvbrid enzvme that was used to 
begin the experiment. (The theoretical limit is 0.5. if one as- 
sumes complete recovery at each stage and complete scram- 
bling of phosphoryl group between labeled and unlabeled a- 
subunits. ) 


DISCUSSION 


Alternating sites cooperativity describes a situation in which 
equivalent active sites participate in catalysis sequentially. with 
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Fic. 4. Anion-exchange chromatographic fractionation of the tryptic digest of the mixture of hybrid enzyme and °**P-labeled tracer enzyme on 
QAE-Sephadex A-25. Fraction vol = 1.1 mi. o, **S profile from hybrid enzyme; @, °*P profile from tracer enzyme. Fractions 25-29 represent the 
phosphohistidine-containing peak and were pooled for the next step of the experiment. ---—, Regions where °°S radioactivity could not be reliabiy 
measured. The results shown are for the hybrid enzyme sample that had been exposed to substrates; the profile for the control sample was 


indistinguishable. 
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Fic. 5. Repeat anion-exchange fractionation of the pooled phosphopeptide fractions from Fig. 4 after mild acid hydrolysis. Fraction vol = 1.1 
mi. Radioactivity was measured by counting the entire fraction in 10 mi of Aquasol. ©, **S radioactivity; @. °*P radioactivity. A. Experiment in which 
the hyorid enzyme was exposed to substrates. B, Control experiment without exposure of hybrid enzyme to substrates. 
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binding of substrate at one site promoting catalytic events at 
another. This concept provides a rationale that may contribute 
to the prevalence of multisubunit structures in enzymology. In 
the case of E. coli succinyl-CoA synthetase, Bild et a/. (8) have 
reported that ‘"O-labeled P,/succinate exchange is modulated 
by the concentration of ATP in a manner consistent with alter- 
nating sites cooperativity. These workers have suggested that 
binding of ATP to, or phosphoryiation of, one active site may 
promote a conformational change at the other site. resulting in 
either facilitated release of product succinyl-CoA or enhanced 
rates of certain intermediate steps. Cleariy, anv such model for 
subunit cooperation during catalvsis requires that the individual 
sites are capable of alternate activity. 

The scrambling of the phosphoryl group between unlabeled 
and “S-labeled a subunits that we demonstrate here establishes 
that both active sites are available and capable of catalvtic ac- 
tivity. Although this experiment does not prove that the sub- 
units are required to function in strictly alternating sequence, 
the scrambling is entirely compatible with this concept. Ob- 
viously, we do not have a situation where one-half of the enzvme 
contains the only functional active site, with the other poten- 
tially active site buried or nonfunctional because of fixed 
asymmetry. 

Finally, recent experiments in this laboratory (unpublished 
data) have shown that the relative rate of the {'*O|phosphate/ 
succinate exchange is modulated not only by ATP, as reported 
by Bild et al. (8), but also by enzyme concentration, with the 
exchange rate substantially diminished at high dilutions. These 
observations raise the possibility that the proposed ATP-driven 
intersite cooperativity mav involve enzyme dissociation and 
reassociation. 
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